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Preface 


In the literature on mechanics there is no single generally accepted 
interpretation of the term “analytical mechanics”. Some writers 
identify analytical mechanics with theoretical mechanics.* Others 
maintain that an exposition in generalized coordinates constitutes 
the distinguishing feature of analytical mechanics. A third point 
of view — the one adhered to by the author in calling this book “Le- 
ctures in Analytical Mechanics” —consists in the fact that analytical 
mechanies is characterized both by a specific system of presentation 
and also by a definite range of problems investigated. 

The characteristic feature of the system of presentation of analy- 
tical mechanics is that general principles (differential or integral) 
serve as the foundation; then the basic differential equations of moti- 
on are derived from these principles analytically. The basic content 
of analytical mechanics consists in describing the general principles 
of mechanics, deriving from them the fundamental differential equa- 
tions of motion, and investigating the equations obtained and 
methods of integrating them. 

Analytical mechanics constitutes a part of the course of theore- 
tical mechanics that comes within the syllabus of mechanico-mathe- 
matical, physical and physical-engineering departments of uni- 
versilies and pedagogical institutes. Yet the general syllabus in 
theoretical mechanics of technological institutes either does not 
contain analytical mechanics at all or preserves only elements of 
it, though modern technology poses problems that lie beyond the 
fundamental course of theoretical mechanics as given in the tradi- 
tional divisions of “statics”, “kinematics”, and “the dynamics of 
a particle and a system”. Research engineers working in diverse areas 
of modern technology must also master the general methods of 
analytical mechanics which yield a universal analytical apparatus 
for investigating complex problems that refer not only to purely 
mechanical, but also to electrical and electromechanical phenomena. 


* For example, the well-known courses of theoretical mechanics of G, K. Sus- 
lov and Ch. de la Vallée-Poussin were called courses of analytical mechanics 
by the authors, 
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The present text does not claim to cover fully the material of 
analytical mechanics. It developed out of a course of lectures given 
by the author over a period of six years in the Moscow Physico- 
Technical Institute. This circumstance determined the choice of 
material and the manner of its presentation. 

The course of analytical mechanics is a foundation supporting 
such divisions of theoretical physics as quantum mechanics, the 
special and general theories of relativity, and so forth. For this 
reason, a detailed presentation is given of variational principles 
and the integral invariants of mechanics, canonical transformati- 
ons, the Hamilton-Jacobi equation, and systems with cyclic (igno- 
rable) coordinates (Chapters 2, 3, 4 and 7). Following the ideas of 
Poincaré and Cartan, the author takes the integral invariants of 
mechanics as the basis of presentation. Here they do not represent 
an embellishment of the theory but its actual workaday machinery. 

The technical applications are associated with a consideration of 
constrained systems, which are studied in detail in Chapter 1. 
In a special section of that chapter, which is devoted to electrome- 
chanical analogies, the possibility is investigated of extending the 
analytical methods of mechanics to electrical and electromechanical 
systems. In Chapters 5 and 6 are given applications of analytical 
mechanics to Lyapunov’s theory of stability and the theory of 
oscillations. Elements of modern frequency methods are given along 
with the classical problems in the theory of linear oscillations. 
Problems in the dynamics of rigid bodies are taken up in individual 
examples. 

It is assumed the reader is acquainted with the general fundamen- 
tals of theoretical mechanics and higher mathematics. The text 1s 
designed for undergraduate and graduate students of mechanico- 
mathematical, physical and physical-engineering departments of 
universities, and also for research engineers and other specialists 
who feel a need to extend and deepen their knowledge in the field 
of mechanics. 


CHAPTER 1 


The Differential Equations of Motion 
of an Arbitrary System of Particles 


1. Free and Constrained Systems. 
Constraints and Their Classification 


The motion is studied of a system of particles P, (v= 4, ..., N) 
relative to some inertial (Galilean) system of coordinates. Imposed 
on the positions and velocities of the particles of the system are 
restrictions of a geometrical or kinematical nature,called constraints. 
Systems with such constraints are known as constrained systems 
in contradistinction to free systems, in which such constraints are 
absent. 

Analytically a constraint is expressed by the equation 


f(t, Py, r) = 0* (4) 
where the left-hand side includes the time ¢, the radius vectors 7, and 
the velocities v, = 7°, of all points P, of the system (v = 1, ..., NV). 


In the special case when the velocities ry do not enter into the con- 
straint equation (1), the constraint is termed finite or geometric. 
Analytically, it is written as 


f (é, Ny) = 0 (2) 


In the general case, the constraint (1) is called differential or kine- 
matical. From now on we shall confine our consideration solely to 
such differential constraints whose equations contain the veloci- 
ties of the particles in linear form: 


N 
2, Lyry + D=0 (3) 


* A dot over a letter re differentiation of the given quantity with 
respect to time. All radius vectors are constructed from a single pole that is 


stationary in the given system of coordinates. Also, f(t, Ty) ry) is an abridged 


notation for the function f (t, » “ Pig © ah ie ry). ‘Such abbreviated 
notation will be used throughout ‘this ext: ‘ie Zy, Yy, and z, are the Cartesian 
coordinates of a point P, in the given system of coordinates (v = 4, , N) 
then the function f may be regarded aS a function of 6N + 14 scalar arguments t, 


en ee Yyy and zy (v= 4, , N). The function f and all other functions 
that will be encountered ‘in the ‘sequel, are assumed (unless otherwise stated) 
to be continuous together with those of their derivatives which occur in appro- 
priate parts of the text. 
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where Z,7, is the scalar product of the vectors Z, and 7, and the 
vectors 2, and the scalar D are specified functions of ¢ and of all 
r.(u,v=i,..., N). It is assumed here that the vectors 7, cannot 
all vanish at the same time. 

Given a finite constraint of type (2), a system cannot occupy an 
arbitrary position in space at every given instant of time. Finite 
constraints impose restrictions to possible positions of the systein 
at time ¢. But with a differential constraint alone, the system may 
occupy any arbitrary position in space at any time t. However, in 
this position the velocities of the particles of the system cannot any 
longer be arbitrary, since the differential constraint imposes restric- 
tions on these velocities. 

Each finite constraint of type (2) implies, as a consequence, 
a differential constraint whose equation is obtained by termwise 
differentiation of equation (2): 


N 
of * Of 
1 Gry Se ee (4) 
where HL grady j (v=1,..., N).* But such a_ differential 
Vv 


constraint is not equivalent to the finite constraint (2). It is equi- 
valent to the finite constraint 


f(t, ry) (5) 
where c is an arbitrary constant. For this reason, the finite constraint 
(4) is called integrable. 


It will be noted that in rectangular Cartesian coordinates, the 
constraint equations (1) to (4) are written as: 


f(t, Dv, US Zu; Ly, Ys zy) =0 (1°) 
f (t, Zur Yn, Zy) =0 (2°) 
N a ° . 
py (Ayty + Buyy + C yey) + Des O™ (3’) 
a of . of * of ° of 
D (sett age det dec) Yami (4) 
v=1 


* If », = 2,8 4- yd + ake, where i, J, k are mutually orthogonal unit 
vectors of the coordinate axes, then 


OE is ok SOF 

Ory Oty | dYy 

ee AY, By, and Cy, (v==1,...,N) are scalar functions of f, 74, y4q. 24,-. 
«+> ON, YN, 4N.- 


gfe] a 
Pr gee xg tN) 
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The finite constraint (2) or (2’) is termed stationary if ¢ is not 
expressed explicitly in the constraint equation, i.e. if at ==), 
In this case, the left-hand side of the equation of differential cons- 
traint (4) is linear and homogeneous in the velocities. By analogy, 
the differential constraint (3) or (3’) is termed stationary if D = 0 
and if the vectors Z, in equation (3) land, respectively, the coef- 
ficients 4,, B,, and C,, in equation (3’)] are not explicit functions of ¢. 

A system of particles is called holonomic if the particles of the 
system are not subjected to differential nonintegrable constraints. 
Thus, a holonomic system is any free system of particles and also 
any constrained system with finite or differential but integrable 
constraints. All constraints in a holonomic system may be written 
in closed form. 

A system is called nonholonomic* if there are differential noninte- 
grable constraints. 

A system is termed scleronomic if only stationary constraints are 
imposed, otherwise it is rheonomic. 

Example 1. A particle is constrained to move over a surface. Let the 
equation of this surface be given in the form 


f(r) =0 (6) 


P(e, ue s)== 0. (6') 


This is a finite stationary constraint. 
\f the surface is moving or undergoing deformation. the time ¢ enters 
the equation of the surface explicitly: 


}(t, r)=0 (7) 


or 


or 
f (, rT, yy z)=0. (7') 


In this case, the constraint is finite but nonstationary. 

Example 2. Two particles are connected by a rod of constant length J. 
Here the constraint equation is of the form 

(a4 — 72)2— 12 =0 (8) 
or 
(4 —~ £2)" + (y — Yo)® + (24 — 22)? — 12 —0. (8") 
This is a holonomic scleronomic system. 

Let us note that a rigid body may be regarded as a system of particles equi- 
distant from one another, that is, subjected to constraints of type (8). From 
this point of view, a free rigid body is a special case of a constrained holonomic 
scleronomic system of particles. 

Example 3. Two particles are connected by a rod of variable length / = 
=: f (+). The constraint equation is written thus: 

(74 — ro)? — f? (t) =0 (9) 

* Nonintegrable differential constraints are themselves frequently called 


nonholonomic. Sometimes integrable differentia] constraints are termed semi- 
hholonomic. 
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or 
(4— £2)? + (yy — ya)® + (24 — 22)2— f? (t) = 0. (9) 
This is a holonomic rheonomic system. 

Example 4. Two particles in a plane are connected by a rod of constant 
length / and are constrained to move in such a manner that the velocity of the 
middle of the rod is in the direction of the rod (the motion of a skate on a plane). 
The constraint equations are written as follows: 


2,=0, 29 == 0 
(24 —~ %g)2 +-(y, — yo)? —12=0 


T+%2  wtYe 


ry —To Yi — Y2 


This is a nonholonomic system because the last equation in (10) defines a non- 
integrable differential constraint. 


(10) 


in addition to constraints of type (1), which are called bilateral 
constraints, mechanics also studies unilateral constraints, which are 
written in the form of an inequality: 


f(t, tM, Py) > 0 (11) 


An example is the case of two particles connected by a thread of 

length 7. This constraint is expressed by the inequality 

1? — (7, — 7%)? > 0 (12) 
If in condition (11) we have an equal sign, it is said that the con- 
Straint is taut. 

The motion of a system on which a unilateral constraint is impo- 
sed may be divided into portions so that in certain portions the 
constraint is taut and the motion occurs as if the constraint were 
bilateral, and in other portions the constraint is not taut and the 
motion occurs as if there were no such constraint. In other words, 
in certain portions a unilateral constraint is either replaced by 
a bilateral constraint or is eliminated altogether. For this reason 
we shall henceforth consider only bilateral constraints. 


2. Possible and Virtual Displacements. 
Ideal Constraints 


Let there be imposed, on a material system, d finite constraints 


falt, My)=O0 (a=-1,..., d) (1) 
and g differential constraints* 
N 
2 LpyYy t+ Dg=0 (BP=14, .--, 8) (2) 
Vo 


* In equations of differential constraints, in place of xy we write v,. 
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We replace the finite constraints by the differential constraints 
that follow from them: 


5 fe yp Peg (a=4,..., 0) (3) 
v= 1 , 

The system of vectors v, will be called possible velocities for a certain 
instant of time ¢ and for a certain possible (at that instant) position of 
the system if the vectors v, satisfy d+ glinear equations (2) and (38). 

Thus, possible velocities are velocities permitted by the con- 
straints. For every possible position of the system at time ¢ there 
exists an infinity of systems of possible velocities. One of these 
systems of velocities is realized in the actual motion of the system 
at time f. 

We shall call the system of infinitesimal displacements 

dry=vydt (v=1,..., N) (4) 


where wy, (v=1,..., N) are the possible velocities, possible infi- 
nitesimal displacements or, for brevity, simply possible displacements. 
Multiplying equations (2) and (3) termwise by dt, we get equations 
that peace the possible displacements: 


Be ie dry +%dt=0 (@=1,..., 0) 
(9) 


D lovey + Dpdt=0 (B= 1, eee gZ) | 


Let us take two systems of possible displacements at one and the 
same instant of time and for one and the same position of the system: 


dr,=v, dt, and d’r,y=v,di (v=1,..., N). 
Both dr, and d’”, satisfy the equations (5), while the differences 
bry=d'ry,—dry (v=1,..., N) (6) 
satisfy the eee relations 


DE ofa Gr, Ofv=0 (a=4,..., a) 
(7) 


_ a o mmeteeeis a 


3 tbr =0 (B=1,..., g) 


The differences 57, = d’s, — dr, will be called virtual displace- 
ments. Any system of vectors 67, satisfying equations (7) is a system 
of virtual displacements. The equations (7) for virtual displace- 
mouls differ from equations (5), which define possible displacements. 
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, a : : 
in the absence of the terms atk dt and Dg dt. It is said for this reason 


that virtual displacemenis coincide with possible displacements in the 
case of ‘frozen’ constraints. 

Indeed, in ‘freezing’, the time ¢ that enters into the equations of 
finite constraints becomes fixed, that is the constraint congeals, as 
it were, in the configuration that it had at time ¢. Then the terms 
Pha dt do not appear when differentiating the functions f,, and 
the first d equations (5) coincide with the corresponding equations 
(7). For a differential constraint, ‘freezing’ signifies imposing on it 
a Stationary character, i.e. the elimination of Dg on the left-hand 
side of the constraint equation and the fixing of ¢ which enters expli- 
citly in the coefficients /g,. Then the last g equations (5) will also 
coincide with the corresponding equations (7). 

We can say that virtual displacements are displacements of 
points of a system from one possible position of the system at time 
t to another infinitely close possible (for the same instant of time 2) 
position of the system. 

In the case of stationary constraints, virtual displacements coin- 
cide with possible displacements. 

Example 1. A particle is in motion on a fixed surface (Fig. 1). 

In this case, any vector v constructed from the point P and tangent to the 


surface at this point will constitute a possible velocity. The corresponding pos- 
sible displacement dr = p dt likewise lies in the plane tangent to the surface 


t eenmemeie od 
u 
dp 
s§ v : 
t u 
Fig. 1. Fig. 2. 


at the point P. The difference Sr = d’x — dr of the two tangent vectors is in 
turn a vector tangent to the surface at this point. Thus, any vector constructed 
from P and lying in the tangent planc may be regarded as a certain dr and as 
a certain ér. Here the constraint is stationary and the virtua! displacements 
coincide with the possible displacements. 

Example 2. The constraint is a surface S which is itself in motion (as a 
rigid body) with a certain velocity 2 relative to the original system of coordi- 
nates (Fig. 2). 
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In this case, the possible velocity v is obtained from an arbitrary vector 
v, that is tangent to the surface by adding to it the velocity zw: 


v=%-+u 
Therefore, 
dr—vdt=v,dt+-udt. 
Similarly, for another possible displacement 
d'r=: uv; di--udt 
the virtual displacement 
br=—d'r—dr= (vi, —v4) dt 


is (unlike dr) a vector lying in a plane tangent to the surface at the point P 
(Fig. 3). The vector dr is a possible displacement for the ‘stopped’ surface S. 


S 
dr 


or 


Fig. 3. 


In Cartesian coordinates, the vector 67, is characterized by three 
projections on the axes 6z,, dy,, bz, (v=1,..., MV), and the 
equations (7) which define the virtual displacements may be written 
in the following form: 


N 
Ofe fe, Ofe 


4 (7’) 
2, (Anvbzy + Bovbyv + Coybay)=0 (B=1,.--+ 8) 


Vv 


J 


If these d + g equations are independent, then among 3N virtual 
increments of the coordinates 6z,, dy,, 6zy there will be n = 3N — 
—d-— g independent virtual increments, where n is called the 
number of degrees of freedom of the given system of particles. 

Let the corresponding forces F’, (v= 1,..., N) be impressed 
at the points P, of the system.* If the constraints were absent, then 
by Newton’s second law we would have the relations mjw, = 
= F,(v=1,..., N) between the masses m,, the accelerations 
w, and the forces F,. Given constraints, the accelerations w, = 


=F, (at a given instant of time ¢, in a given position of the 
v 


* By F, is understood the resultant of all forces applied directly to the 
particle Py(v=1,..., N 
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particles of the system 2,, and for given velocities v,) may prove 
incompatible with the constraints. Indeed, differentiating the equa- 
tions (3) and (2) termwise with respect to the time, we get an analy- 
tical expression for the restrictions imposed by the constraints on 
the accelerations w, of the particles of the system:* 


N N 
af d of d Ofa __ _ ] 
it (se) we ao emt | 
v=1 v=1 (8) 
2 ~ dbgy dDs | 
Di lovey t+ Yap wta=0 (GH t,---s 8) 
v= 1 vor ft ) 


The accelerations w, = Fy may not satisfy these relations. 


Then the materially effected constraints will act on the particles 
of the system P, with certain supplementary forces R, (v = 1, ... 
..., N); these forces are called the reaction forces of the constraints.** 
The reactions that arise are such that the accelerations determined 
from the equations 


MyWy= Fy +R, (v=i,..., N) (9) 


are already permitted by the constraints. 

Unlike the reactions R, (v= 1,..., N), the preassigned for- 
ces Fy(v=1, ..., NV) are termed effective forces. Effective forces 
are ordinarily specified as known functions of the time, position 
and velocities of the particles of the system:* ** 


Fy=F y(t, ry, ty) (v=, ..., N). (10) 


The basic problem of the dynamics of a constrained system con- 
sists in the following. 

Given the effective forces Ff, = I, (t, ”,, vy) and the initial 
Positions 7°, and the initial velocities vy of the particles of the system 
(v= 1, ..., N)—both are compatible with constraints—it is requi- 
red to determine the motion of the system and the reactions of the 
constraints Ry, (v= 1, ..., N).**** 


* The left sides in relations (8) are linearly dependent on the accelerations 
w,. As will readily be seen after differentiation, these left-hand sides are also 
dependent on #, ™, vy (v= 1, ..., ). 
** In the case of Several constraints (d + g >> 1), Ry, is the resultant of 
all the reactions of constraints for the point Py, (v = 1, ..., 4). 
*4* In the general case, the right-hand sides of (10) depend on ¢ and also 
on all »m, and vy (v= 1,..., N). an 
«st Tn the case of a free system, there is no problem of aprons. reactions 
and there only remains the problem of determining the motion of the system. 
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If nothing is known about the nature of the constraints except the 
defining equations (1) and (2) and, consequently, nothing is known 
about the reactions AR, produced by these constraints, then the 
above problem is indeterminate, since the number of scalar quan- 
tities zy, yy, 2y, Ryx, Ryy, Ryz that have to be determined is greater 
than the number of available scalar relations, i.e. the equations 


Myty = Fyy + Roxy My = Fyy + Ryy, myzy = Fy, + Ry, and 
the constraint equations (1) and (2) [6N >3N + d- gl. 

For the basic problem of dynamics to become determinate, it 
is necessary to have some kind of additional 6N — (3N + d+ g) = 
— 3N —d—g =n independent relations between the sought-for 
quantities. These relations can be obtained if we confine ourselves 
to the important class of ideal constraints. 

Constraints are termed ideal if the sum of the works of the 
reactions of these constraints on any virtual displacements is equal 
to zero, i.e. if 


é 
>) Rybr, = 0. (11) 


v=1 


This equation may be rewritten in expanded form: 
N 
Dd) (Ryxbry + Ryybyv + Ryz52y) = 0. (11’) 
v=1 


Among the 3N quantities 6z,, dy,, 6z,, there are nm independent 
ones (n = 3N — d — g is the number of degrees of freedom of the 
given system). It is therefore possible in (11’) to express 3V — n 
dependent increments 6z,, dy,, 6z, in terms of n independent incre- 
ments and equate to zero the coefficients of these independent incre- 
ments. We then obtain the n relations still lacking and needed to make 
determinate the basic problem of the dynamics of a constrained 
system. 

After considering the following examples of ideal constraints it 
will be clear how natural and important practically is the class of 
constraints that we have isolated. 


Example 1. A particle is constrained to move on a stationary smooth sur- 
face (Fig. 4). 

In this case, any possible displacement dv, like any virtual displacement 67, 
lies in a plane that is tangent to the surface at the pom P, and the reaction 
of the smooth surface is directed normally to the surface at this point. For this 
reason, we always have 


Rdr=0 or Rbr=0 


Example 2. A particle is constrained to move on a mobile or deforming 
smooth surface (Fig. 5). 

In this case, the possible velocity of the particle and, hence, the infinitesimal 
displacement dx = uv dt no longer lies in the tangential plane (see Example 2 


2 3420 
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on page 14). The virtual displacement 67, which is an infinitesimal possible 
displacement for a ‘stopped’ or ‘frozen’ surface, lies in the tangential plane. 
Inasmuch as the reaction, in the case of a mobile or deforming smooth surface 
is directed along the normal to the surface, it follows that R dr = 0 (whereas 
R dr ~ 0). 

Thus, a smooth surface, whether fixed or mobile or deforming, constitutes 
an ideal constrairit. 


A 
R fa 
Pp 
P dr Py Pg 
dr= dr 
7 or 
Ry o 
0 
Fig. 4. Fig. 5. Fig. 6. 


Example 2 explains vividly why, when determining nonstationary 
ideal constraints, it is necessary to equate to zero the work of the 
reaction forces on arbitrary virtual displacements and not on possible 
displacements. 

In the examples that follow we will encounter only stationary 
constraints. * 


Example 3. Two particles are connected by a rod of invariable length and 
of negligibly small mass (Fig. 6). 

Let us denote by R, and Re the reaction forces of constraints impressed on 
particles P,; and P.. Then by Newton’s third law, the rod is acted upon by the 
forces Ny = —, and N, = —Rz. Denoting by m and w the mass of the rod 
and the acceleration of its centre of inertia, and by J and « the central moment 
of inertia and the angular acceleration, we will have 


mw=N,+No, fe=L 


where L is the total moment of the forces N, and N»2 about the centre of inertia. 
But it is given that m = 0 and J = 0. Hence, N; -+ Nz = 0 and L = 0).** 
From these equations it follows that the forces N, and Nz and consequently 
R, and Ry are in direct opposition, i.e. are directed along the rod. 


* From the definition of ideal constraints it follows that a nonstationary 
constraint is ideal if all its configurations at different instants (regarded as sta- 
tionary constraints) are idéal. 

** If the motion of the rod is not plane-parallel, the scalar equation Je = L 


is replaced by the vector equation £ (Te w) = L, where T is the tensor of inertia 


and w is the angular velocity; from T = 0 it again follows that L = 0. 
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Further 
R,6r,-- Reobre= Ry dry-+ Ry dro= Re (dre—dr,) = Rod (ro—r4) 
Let Ro ==c (r5— 71), then 


Rybr,-+- Bebre=c (rg —74) d (72 — 174) = 


since (rg—r,4)2—=const. ; 

It may be taken that an absolutely rigid body is a system of particles in 
which a constraint of the type considered is imposed on any two particles. 
For this reason, a rigid body may be regarded as a system of particles subject 
to ideal constraints. In the absence of other constraints (other than those that 
effect the rigid connection of the particles of the body) a rigid body is called 
free. 

Example 4. Two rigid bodies are connected by a hing at the point A 
(Fig. 7). Disregarding the mass and the dimensions of the hinge, it may be 
asserted (as in the previous example) that R, -+- R. = 0. Then 


R,5r -- R»bdr= (Ry -{- Ry) 6r=0. 


Example 5. Two rigid bodies in motion have their ideally smooth sur- 
faces in contact (we disregard friction!) (Fig. 8). In this case too. we have 


c 
Dy d (75 —774)?=0 


Fig. 8. 


Ry, -+ Ro=0. Here, Ry and Ry are directed along the common normal to the 

surfaces. On the other hand, the relative velocity of these bodies at the 

point of contact is v»—v,, and hence the difference of the possible displa- 

cements dr>o—dr,—=(v2— v4) dé lies in the common tangent plane. Therefore 
R,br,-- Robro= Ry dry + Re dro== Ry (drg—dr;)=-0 


Example 6. Two rigid bodies are in motion with their ideally rough 
(toothed) surfaces in contact. In this case the relative velocity of sliding 
is vo—v,=-0. Consequently, we also have dreg—dry=(v2—v,)dt=0. The- 
refore, here too 

R,6r, -- R.bro= Ro (dro— dr,)=0 


A complex mechanism may be regarded as a system of rigid bodies 
which are connected in pairs either rigidly or by hinges, or the surfa- 
ces of which are in contact. If we consider all rigid links absolutely 
rigid, all articulations as ideal and all contacting planes as ideally 
smooth or ideally rough, then any complex mechanism may be inter- 
preted as a system of particles that obeys ideal constraints. 


2% 
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It will be noted that in many cases this idealization is not permi- 
ssible. For example, neglect of the forces of friction may on occasion 
substantially distort the physical picture of a phenomenon. In 
such a case, the condition of ideal constraints should be rejected and 
other conditions should be taken in its place that follow from the 
nature of the constraints and the laws of friction. 

In this interpretation, the concept of ideal constraints becomes 
alniost universally applicable. 

From now on it will be assumed that all constraints imposed on 
a system are ideal. 


3. The General Equation of Dynamics. 
Lagrange’s Equations of the First Kind 


The following equations hold for particles of a constrained 
system: 


Mwy =F,+R, (v=i1,..., N) (1) 
where m, is the mass of the vth particle, wy, is its acceleration, 


and FY, and Ry are, respectively, the resultant of the effective 
forces and the resultant of the forces of reaction operating on this 


particle (v=1,..., N). Since the constraints are ideal, for any 
position of the system under any virtual displacements, we have 
N 
Ror, =0. (2) 
v=1 


Substituting, here, in place of the reaction forces Ry their expres- 
sions from equations (1) and multiplying both sides of the resul- 
ting equation by —1, we get 


N 
x, (Fy — mywy) bry = 0. (3) 
= 

This is known as the general equation of dynamics. It states that, 
given a system in motion, at any instant of time the sum of the works 
of the effective forces and the forces of inertia on any virtual displacements 
is zero. 

Thus, the general equation of dynamics always holds for any 
motion that is compatible with constraints and that corresponds 
to the specified effective forces Fy (v=—1,..., N). 

Conversely, let there now be given a certain motion of a system 
that is compatible with constraints and for which motion the general 
equation of dynamics (3) holds. Then, assuming 


Ry=myw,— Fy (zat, eu85 N) 
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we will have the equations (1) and (2). Thus, at any instant of time 
it is possible to choose reaction forces R, such that, by virtue of (2), 
would be admissible for the given constraints and for which the equa- 
tions (1) obtained from Newton’s second law would hold. We consi- 
der that these reaction forces R, are actually realized (“the hypothe- 
sis of the realization of admissible reaction forces’) and that con- 
sequently the motion under consideration corresponds to the given 
effective forces Fy (t, 7, Uy) (v= 141, ..., M). Thus, the general 
equation of dynamics expresses a necessary and sufficient condition 
for motion compatible with constraints to correspond to a given system 
of effective forces F., (v= 1, ..., N).* 

Let us find expressions for the reaction forces R., by means of the 
so-called undetermined multipliers of Lagrange. We write out the 
relations defining the virtual displacements of particles of a system 
(see Sec. 2): 


N 
a 
De bry =0 (at... d) (4) 
v=1 
N 
x, Tevory=0 (P= 1,..-, g). (5) 
Muitiplying the equations (4) and (5) termwise by arbitrary scalar 
multipliers —A, and —p, and adding termwise the resulting 
equations to equation (2), we get 
N d g 
a 7 
D (B= Dra J — YD} usar) dry = 0. (6) 
v=t a= whew 


This relation may be written in expanded form as 
N d 


&§ 
D (Rox 3 te 2 — YS ae sy) 82 + Wh Sy + (2) 82 =0. (6) 
B= 1 


veel a= 1 


Here, we used {y}, and {z}, to denote in abbreviated fashion the 
expressions that differ from the coefficient of 5z,, given in formu- 
la (6°), by replacing the letters x, A with y, B or z and C, respe- 
ctively. 

The relations (7’), Sec. 2, permit expressing d-+ g out of the 
3N virtual increments 6z,, dy,, 62, in terms of the remaining n = 
= 3N — d — g increments. Here, the determinant J, which is made 


* Here, it should be kept in mind that the general equation of dynamics (3) 
is actually not one cquation, but a set of equations because arbitrary virtual 
displacements may be substituted into equation (3) in place of dr, (v= 
== 1, ..., N) for any instant of time t. 


22 Equations of Motion of an Arbitrary System of Particles {Ch. 1 


up of the coefficients of the “dependent” increments in the equations 
(7'), Sec. 2, is different from zero. 

We choose d +- g multipliers A. and ws, so that in equation (6’) 
the coefficients of d +- g “independent” increments vanish. This may 
be done, and done uniquely, since the determinant J of the coeffi- 
cients of the quantities A,,, », being determined is not equal to zero. 
Then the only thing remaining in (6’) are the terms with the indepen- 
dent increments 6z,, dy,, 6z,. But then the coefficients of these 
independent increments must also be zero. In other words, the 
undetermined multipliers A, and wg, may be chosen so that all the 
scalar coefficients in (6’) and, hence, all the vector coefficients in 
(6) vanish. But then 


d g 
fa 
By = Sra Ge + Dipole (W=t, --.) N). (7) 
p=1 


a=i1 


We have obtained a general expression for the reaction forces 
of ideal constraints in terms of the undetermined multipliers 
of Lagrange Aq, pg (a=1,..., d} B=, ..., g). 

Putting the expressions (7) for RF, into equation (1), we get 
the so-called Lagrange equations of the first kind:* 


d g 
: fa 
myWy =F y+ >) da Fe + DY) vols (ve=4,..., N) (8) 


a= 1 p=1 


To these equations one should add the constraint equations: 
N e 

fa (rv) =9, Di lavry + Dp =0 (Ce aren, ag ea! Serer se g). (9) 
v= 


By replacing each vector equation by three scalar equations, we 
may consider that equations (8) and (9) constitute a set of 3N +- d + 
+g scalar equations in 3N +-d-+- g unknown scalar quantities 
Ly, Yu Zy, Aa, pg. Integrating this set we get the final equations of 
motion and, at the same time, from equations (7) we get the magni- 
tudes of the reaction forces of constraints. However, integration of 
such a set of equations is ordinarily very involved due to the large 
number of equations. That is why the Lagrange equations of the 
first kind find little use in actual practice. 

In Secs. 6 and 10 we will derive the Lagrange equations of the 
second kind for a holonomic system and the Appell equations for 


* These equations were obtained by the French mathematician and me- 
chanician J. L. Lagrange in his celebrated treatise Mécanique Analytique (1788), 
in which the fundamentals of analytical mechanics were presented for the first 
time. 
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a non-holonomic system. In these equations the number of unknown 
scalar quantities (and, hence, the number of equations) is 3N — d, 
i.e. 2d +- g units less than in the set of equations (8) and (9). 


Example. Two ponderable particles M, and My, of identical mass m = 1 
are joined by a rod of invariable length J and negligibly small mass. The system 
is constrained to move in the vertical plane and only in such manner that the 
velocity of the midpoint of the rod is directed along it. Determine the motion 
of the particles M, and My. 

Let x1, yy and 29, yp be the coordinates of the particles M, and Mz. We write 
the constraint equations: 

4 
“gy U(@2— 1)? + (y2—y1)?-— PJ] =0 
(10) 


(tg —'x4) (yo -t 44) — (22 +24) (yoa—y1)=0 


The Lagrange equations with undetermined multipliers A and p are of the 
form 


ae —A (Zg—2%4)—p (Yo—y4) (14) 
y4 = — eg —A (yo—ys)-+ ps (Z2— 24) 

and 
Pah (2224) —H (vo) | (12) 
yo==—- eA (yo— ys) +p (t2—74) 


We determine A and p from the equations (11) taking into account the first 
equation of (10): 
4 ee Li 
A= —= (Yo— 41) — yx [@2— 74) 24 + (Y2—Y4) Ya] 
(13) 


ci Se 


nl aca «se 
jl == ap (%2— 24) — 35 (yo—y1) 4 — (%a— 14) y4] 


It will be noted that equations (12) are obtained from (44) if in the latter 
we replace A by —A and 24, yy by 2, yo. Thus, determining A and uw from 
the equations (12), we find 
4 ae ee 
A= = (yo— ys) + Fy [@2—24) F2+ (2-41) ya 
(14) 
g 4 ee ee 
b= Fy (t2——24) — Fz [ye — 91) 22— (72 — 74) ya] 


Equating the appropriate expressions for » and A in the formulae (13) and (14) 
we get (after simple manipulations) 


(%2— 21) (yo—y4) — (yo—Y1) (42 —2y) = 0 
(%q 4-24) (Zz — £4) ++ (ya + ¥1) (yo —Y1) + 28 (yg —y1) =0 
We introduce the following abbreviated notation: 


(15) 


U==Tg—-24, V=Ve—yy, P=24-422, C=n+42 (16) 
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Then equations (10) and (415) will be written as follows: 


u2 +. p2 = 12 
ae rT (17) 
uy —uv=0 
Pv—Qu=0 (48) 
Pu-+Ov-+2gv=0 (19) 


Equations (17) show that in a u, v-plane a particle with coordinates u, v 
moves in a circle with radius J and with centre at the origin; its accelera- 
tion will all the time be directed towards the centre. The motion of this 
particle will then be uniform. For this reason, 

u=lecosg, v=lsing, p=a==const, p=at+ B (20) 


According to (18) we can put 


pat u, gat v (24) 


ee these expressions into (19) and taking into account (17) and (20), 
we find 


7480, that is, f=—2¢sing 
Then 


eo eee 


, _ 2g 
d@ a ence and f=? cos p-+-2y 
Consequently, by virtue of (20) and (214), we have 
P=2 (y+ = cos 9} cosg, Q=2 (y+ -£ cos 3) sin © (22) 
Integrating, we find 


t= | P =| P aga sin © +- sin g cos @ +5 p--26 


9 (23) 
vit y= — cos p— Fp cos? gf 20 
From equations (16), (20) and (23) we finally obtain 
; : g l 
x= sin 9-585 sin @ cos @ =i gat Q = : cos 9 -{-6 ) 
g ae 
y=—t COS P— Sor cos? @— 5 sin pe 
Bea ae sere ae 2B ee : (24) 
a= — sin g-+ Fo sin pcos p+ Sai 9+5 cos 9-1-6 
iat Ne pity ae ieaee acne at 
a cos @ Do cos* @-f- 5 sin @-f-é 
g=at+6 ) 


(where a, B, y, 6, and © are arbitrary constants). 
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4, The Principle of Virtual Displacements. 
D’Alembert’s Principle 


An equilibrium position is a position of a system such that the 
system will all the time reside in it if at the initial instant of time 
it was in that position and the velocities of all its particles were zero. 


The position of a system 7, (v = 1, ..., N) will be an equilibri- 
um position if and only if the “motion” +, (4) =r} (v= 1, ..., ) 
satisfies the general equation of dynamics, that is, when ° 

N 
>) For, =0 (1) 
v1 


in this position of the system. 

Equation (4) expresses the principle of virtual displacements. 

For some position (compatible with constraints) of a system to be 
an equilibrium position, it is necessary and sufficient that in this position 
the sum of the works of effective forces on any virtual displacements of 
the system be zero. 

Ordinarily, the principle of virtual displacements is applied 
to stationary constraints. If the constraints are stationary, then the. 
term “compatible with constraints” signifies that the position of the 
system satisfies finite constraints. Now since differential constraints 
are linear and homogeneous with respect to velocities, they are 
automatically satisfied since we assume *, = 0 (v=1,..., N). 

If the constraints are nonstationary, then the term “compatible 
with constraints” signifies that they are satisfied for any ¢ if in them 
we put r, = r and vu, =O0(v=1, ..., N). Note that in this case 
the virtual displacements 67°, (v = 1, ..., N) may also be diffe- 
rent for different ¢. 

In the general case, the forces F',, depend on #7, r,, ¥, (u = 1,... 
..., NV), that is FP, = F, (t,7,, Uy) V= 1, ..., N). It is then 
assumed that the equation (1) holds for any value of ¢ if in theexpre- 
ssion for F.,, we put all 7, = 7, and all v, = 0. 

In the most elementary special cases, the principle of virtual 
displacements (or, as it is sometimes called when applied to sclero- 
nomic systems, the principle of possible displacements) was known at 
the time of Galileo under the name of the “golden rule of mechanics’ *. 

Let forces F', and #. act at the ends of a weightless lever in a 
state of equilibrium. Then, denoting by F, and F, the tangential 
(to possible trajectories) components of these forces, and by 6, 
and $l. the magnitudes of the corresponding elementary possible 
displacements, we will [by virtue of equation (1)] have, except for 

* Galileo attributed substantiation of the “golden rule of mechanics” to 


Aristotle. In its general statement, the principle of virtual displacements was 
first given by J. Bernoulli in 1717. 
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sign, 

that is, 
bl; Fs 
8a Fy 


(a gain in force is compensated for by a loss in displacement and vice 
versa—the “golden rule of mechanics’). 

The principle of virtual displacements is the most general prin- 
ciple of analytical statics. It is possible to obtain from it the con- 
ditions of equilibrium of any actual mechanical system. 


Example 1. Let us derive from equation (1) the conditions of equilibrium 
of a free rigid body, which in courses of mechanics are ordinarily obtained 
through reasoning in geometrical statics. Denoting by i, the velocity of some 
hartitle of the rigid body, by @ the angular velocity of the body, by F and Lo 
the andl pp vector and the principal moment about the pole O for the system 
of external forces operating on the rigid body, we equate to zero the expression* 
for the elementary work of forces impressed on the rigid body in an arbitrary 
infinitesimal displacement of the body: 


5A =(v9 + Lo) dtr—0 (2) 

Since the vectors v9 and @ are arbitrary, equation (2) holds when and 
only when 

F=0, and Lyj—0 (3) 


These equations are the necessary and sufficient conditions for equilibrium of a 
free body. 

In similar fashion we obtain the conditions of equilibrium of a constrained 
rigid body. For example, let point O be fixed. Then 2) = 0 and equation (2) 
is of the form 6A = Loadt = 0, whence, by virtue of the vector o being arbi- 
trary we get the desired equilibrium condition, Zp = 0. 

If the body can only rotate about a fixed axis u (with unit vector e), the 
equations (2) take on the form 6A = L,we dt = 0, whence, by virtue of the 
arbitrary nature of w the condition of equilibrium follows: Z, = 0; here, L, = 
= Ine is the principal moment of external forces about the axis u. 

Example 2. Let us derive the equilibrium conditions of an arbitrary con- 
strained system of rigid bodies experiencing the action of the force of gravity. 


* The equation 64 = (Fuvp)+ Loo) dt may be obtained in the following man- 
ner. We denote by F’; the forces acting on particles of the rigid body, by 7; and 
y; the radii vectors (drawn from point O of the body) and the velocities of the 
points of application of the forces F; (i = 1, 2, .. .), respectively. Then, using 
the sign x to indicate vector multiplication, we find 


6A= > Fiori = S) FP 3v;di= De Fj (v+@ X 7;) dt= 
t i a 
=[(9} F;) Yo +o Sri X Fi] dt 
i % 


(substitution of é7; by dr; -= v; dt is legitimate due to the fact that the rigid 
body is a scleronomic system; see page 11). By virtue of Newton’s third law, 
the principal vector and the principal moment of the internal forces in the rigid 


hody are zero. For this reason, )) F; = F, and >» r, X F; = Lo. 
i i 
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Denote by M the sum of the masses of all bodies and by z, the vertical coordinate 
of the centre of gravity of the system of bodies (we take the z-axis to be directed 
vertically downwards). Then, according to equation (1), we get 


6A = Mgéiz,=0 
and, consequently, the conditions of equilibrium of the system have the 
aspect 
6z,.==0 (4) 


Thus, the equilibrium positions of a system of rigid bodies are such posi- 
tions in which the centre of gravity occupies the lowest, the highest or any other 
“stationary” position in the vertical (“Torricelli’s principle”). 


Az (z2,Z2) 


Ay(X4,Z)) 


Fig. 9. 


Example 3. Find the form of equilibrium of a heavy homogeneous chain 
attached at two points. Regarding a heavy homogeneous chain as a system of 
rigid bodies (links) it is possible to write relation (4). But (see Fig. 9, where Ozz 
is the vertical plane and z is the vertical) 


| 2ds 
~ \ ds 


and, since the length of a homogeneous chain does not change during displa- 
cements, condition (4) takes the form 


§ \ zds=z0 (5) 


zs 


This relation may also be written as 


5 C14 (Z/) ame (5’) 
Z1 


As is established inthe calculus of variations, in the class of curves z= (z) 
passing through two specified points, the curve that imparts to the integral 


\ F(z, 2 S) a 
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an extremal (more precisely, stationary) value, for which 
ze 
5 | Fas—o, 
21 
must satisfy the differential equation* 
d OF oF , dz 
Oe) 


‘dz Ox! Ox 


(6) 


9 
In our case pasy/ 1+ (#) . Therefore, equation (6) assumes the 


form 


de 
Co cn 7) 
dz 1 dz \2 
+(3] 
Froin this we have 
ae 
gl dz = 
: dz \ 2 
V1+(%) 
and 
dx c 
hE a ree 8 
dz V22—e2 (8) 


where c is an arbitrary constant. Integrating, we obtain the equation 
of a catenary: 


th 
c 


(9) 


zat pelX— 9/6 4. (8 —0)/0) — ¢ cosh 


where the values of the arbitrary constants c and @ are determined from the 
conditions of fixing the ends. Thus, the shape of a homogeneous heavy chain 
in equilibrium is a catenary.** 

Example 4. An invariable plane figure can slide on two of its points A and B 
along stationary curves lying in the same plane. Let us find out under the action 
of what force F the figure can be in equilibrium (Fig. 10). 

Besides the effective force F’, the figure is acted upon by two reaction forces 
directed along normals to the curves, and the lines of action of these three forces 
have to intersect in a single point. In other words, the line of action of the force F 
has to. pass through the point of intersection of the normals to the curves at the 
points A and B, i.e. the line of action of the force F has to pass through the 
instantaneous centre of possible velocities C of the figure.*** 


* This equation was obtained by Luler. For its derivation see page 89 
and the note on page 91. 
** Galileo thought the parabola to be such a form of equilibrium. Galilco’s 
error was corrected by Huyghens. 
*** Hore, the magnitude and direction of the force F may be arbitrary. 
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We can arrive at this conclusion by proceeding from the principle of possible 
displacements. Indeed, denote by O some point on the line of action of the 


Fig. 10. 


force F. Then from the condition 64 = Fv, dt = 0 we conclude that vp 1 F, 
whence it follows that the instantaneous centre of possible velocities of the 
figure is located on the line of action of the 
force F’. 

Example 5. Some geometrical applications. 
We begin with a preliminary remark. Let there 
be given, in a plane, a certain curve C and 
a point P (the curve C can degenerate into a 
point in a special case). Draw through P a nor- 
mal to the curve C and denote by 7 the distance 
along the normal from the curve C to the 
point P. Thus, r= PoP (Fig. 11). Apply to 
point P a certain force F directed along the 
normal P)P and consider F'>0 if the direction of 
the force F coincides with the direction from Po 
to P, and F <0 otherwise. The elementary work 
of the force F isequalto }A=F (dr) -+ dr). But 
dr is composed of two elementary displacements: 
the displacement along the straight line PyP 
(the magnitude of this displacement is dr) and the 
displacement of the point P caused by rotation 
of the straight line P)P. This displacement, like 
dry is perpendicular to the line PoP, i.e. to the 0 
line of action of the force F’. Therefore, * Fig. 14 


b4=F dr (10) 
Let there be nm curves Cy, Co, ..., C, and a point P in one and the same 
plane. Denote by rm, ro, ..., ™ the distances (along the normals) from P to 


these curves** (Fig. 12 corresponds to the case of m = 2). In the same plane 
we consider the curve D given by the equation *** 


f(rq, Tay -++y Tn) =0 (11) 


* When the curve C degenerates into a point, formula (10) yields an 
expression for the work of a central force. 
** Some (or all) of the curves Cy, C2, ..., C, can degenerate into points. 
*** Each of the quantities ry, 72, ..., 7, is a function of two Cartesian 
coordinates of the point P. For this reason, equation (11) is the equation of 
a certain curve in the plane. 
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We shall now show how, using equation (11), to construct a normal to the 
curve D at the point P. 
For any infinitesimal displacement of point P along the curve D we get 


<1 of 
a 
> Ore dr; =0) (42) 
ix1 
Now apply to point P the forces Fy= oh directed along the normals rf; 
(i=4, ..., n). Then (42) will be written as 
nr 
» Fide 
i=1 
Now this, in accord with the preliminary remark we made, signifies that the 
sum of the works of the forces F,, F2, ..., F, is zero in the case of arbitrary 


displacement of point P along the curve D. But then any constrained point 
that can move along the smooth curve D will 
be in equilibrium under the action of the 
forces Fy, Fo, ..., F,. Therefore, the re- 
sultant of the forces Fy, Fo, ..., Fp, is 
directed along the normal to the curve D. 

We thus have a very simple method for 
the geometrical construction of a normal to 
curve D given by equation (11). 

Let us consider some special cases: 

(a) D is an ellipse. In this case, Cy and C2 
are points (the foci of the ellipse), equation 
(11) is of the form ry -+ rp — 2a = 0, Fy = 
1, F2 = 1, and the normal to the ellipse is 
the bisector of the angle between the focal 
radii’ vectors (Fig. 13). 

(b) D is a hyperbola. The equation ol 
the hyperbola is r; — re —2a = 0, F, = 1, 
F, = —1, and from the construction (Fig. 14) 
it is easy to see that the tangent to the 

Fig. 42. hyperbola is the bisector of the angle between 
the focal radii vectors (while the normal 
is the bisector of the adjacent angle). 

(c) D is a parabola (Fig. 15). Cy is a straight line (the directrix), C2 is a 
point (focus). The equation of the parabola is r,; — rz = 0. As in the case of 
the hyperbola, it follows from the construction that the tangent to the parabola 
is the bisector of the angle between the focal radius vector r, and the perpendi- 
cular r2 dropped on the directrix. 


For the principle of virtual displacements, equation (1) is a special 
case of the general equation of dynamics [see equation (3) on page 
20]. However, the general equation of dynamics may be regarded as 
an equation expressing the principle of virtual displacements and 
characterizing the position of equilibrium of the system that results 
if to the effective forces #, we add the fictitious inertial forces 
—m,w, (v= 1,..., N). We have thus arrived at d’Alembert’s 
principle. 
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D’Alembert’s principle. Any position of a system in motion may be 


regarded as an equilibrium position if to the effective forces acting on 
the system in that position we add the fictitious forces of inertia. 


f 


M%-12=2a 
Fig. 13. Fig. 14. 


D’Alembert’s principle permits extending the techniques and 
methods of solution of static problems to problems of dynamics. 
In particular, it permits determining dynamic reaction forces by 


=Pe2 cz 


Fig. 15. 


statical methods. Indeed, in an equilibrium position the reaction 
forces FR, differ from F, — myw, in direction only: 


Fy,—mw,=—R, (v=1,..., N). 
But then 


My, = Fy+Rhy (v=1,..., N), 


i.e. the reaction forces R, determined by means of the d'Alembert prin- 
ciple are the desired dynamical reaction forces. And so we can add the 
following proposition to the above formulated d'Alembert principle: 
When regarding inertial forces as additional effective forces applied to 
the points of a system, we replace the given dynamical problem by a new 
statical problem. In the new problem, the static reaction forces coincide 
with the sought-for reaction forces in the initial dynamical problem. 


oo 
b 
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The following examples will serve to illustrate the use of statical 
methods in the solution of problems in dynamics. 


Example 1. A locomotive tender filled with water is in motion with an 
bee erotica w. It is required to determine the shape and position of the water 
surface. 

_ In the absence of acceleration the surface of the water is horizontal. The 
given plane is perpendicular, at each point, to the direction of the body forces 


u 


Fig. 16. Fig. 17. Fig. 18. 


of gravity applied to the water. This static peer is also applicable to the 
case of the accelerated motion of the tender if to each element of mass dm there 
is applied an additional fictitious force of inertia d¥ = —dmw. The surface 
of water will be a plane perpendicular to the resultant of the two body forces: 
the vertical force of the gravity dmg and the horizontal force of inertia ~dmw 
(Fig. 16). The water surface will be inclined to the horizon at an angle m, where 


tan pat. 


Example 2. Let us write the differential equation of rotation of a rigid 
body about a fixed axis u (Fig. 17). To each element of mass dm we apply a 
fictitious inertial force —dmw. Calculate the principal moment of inertia forces 
about the axis of rotation 


~. \ dmpop= —@ \ p2dm= —yp 


where J, = \ p? dm is the moment of inertia of the body about the rotation 


axis u. Denote by L, the principal moment of the external forces applied to the 
body about the axis u.* Then, according to d’Alembert’s principle the body 


will be in equilibrium under the action of the total moment L, — I,9. Therefore, 
(see page 26) this total moment must equal zero. We get 
Tup= Ly, 
Example 3. A horizontal homogeneous shaft is in uniform rotation with 


angular velocity w. A homogeneous disc is mounted eccentrically on the shaft 
perpendicular to the axis of the shaft at equal distances from the bearings. It 


* The principal moment of the internal forces is zero. 
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is required to determine the pressure on the bearings during rotation of the 
shaft. 

We consider the inertial forces dmw*r that correspond to the separate elements 
dm of the disc (Fig. 18). These are converging forces directed away from the 
axis of the shaft. The resultant of these forces is equal to J = w* \ rdm = 


= M,w*rc, where M, is the mass of the disc, and 7c = OC (0 is the point of 
intersection of the plane of the disc with the axis of the shaft, and C is the geo- 
metric centre of the disc). Apply the d’Alembert principle and determine the 
static pressure on the bearings, assuming that three forces are applied to the 
axis of the shaft:* (1) the force of gravity of the shaft Mg; (2) the force of 
gravity of the disc M,g, and (3) the force J = M,w’7c. 

The pressure N on each bearing is determined from the formula 


N= > (m+M) +5 Morro 
The force N has a maximum value 
Nas" (m-+-My) g +> Myo20C 
in the position of the disc when the geometric centre of the disc C is located 


under the point O 


5. Holonomic Systems. Independent Coordinates. 
Generalized Forces 


Let there be given a holonomic system of N particles P, with 
radii vectors 7,= a2yé-+-yjtak (v=1,..., N)** subject to the 
finite constraints 


fa (t, ry) =O (a==1,..., d) (1) 
or (in equivalent notation) 
baltic typ Yo SHO. (OS hh ca4y 8) (1’) 


We shall assume that d functions f, of 3N arguments z,, yy, Zy 
(v = 1, ..., N) are independent ***; here ¢ is regarded as a para- 
meter. We can therefore express d coordinates of equations (1’) as 
the functions of 3N — d of the remaining ones and the time ¢ and 
regard these 3N —d coordinates as independent quantities that 
define the position of the system at time 7. 


* The resultant of the elementary forces of inertia for a shaft is zero and 
is therefore ignored. 


** 4, J, k are the unit vectors of the z-, y-, and z-axes of the inertial system 
of coordinates. 


**x Otherwise, if we have, for example, a relation like 
fa=Q (fis wag anes t), 
one of the constraints (in the given case, fg == 0) would either contradict the 


others [for 2 (0, ..., 0, ¢) 0], or would be a consequence of the others 
[for 2 (0, ..., 0, t) = O]. 


3b 3420 
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However, one need not take Cartesian coordinates for such inde- 
pendent coordinates. All the 3N Cartesian coordinates may be 
expressed in the form of functions of nm = 3N —d independent 
parameters g;, -..-,; Qn and of tf: 


= Py (t, OP nhey Ga)s Yy = py (E, Din seo Gn), (2) 


Seay (by: Qi ewe On). (veel ys ach. WY): 


When these functions are put in the constraint equations (1’), 
the latter become identities. We will assume that any position of 
the system that is compatible with constraints at the given instant 
of time may be obtained from the equations (2) for certain values 
of the quantities g,, ..., Qp- 

The equations (2) are equivalent to the vector equations 


P= Th ls Cais Gay. IVES oa ND (2°) 


The scalar functions (2) and consequently the vector functions (2’) 
are assumed continuous and differentiable. 

The minimal number of quantities g; with the aid of which formulas 
(2) can embrace all possible positions of a holonomic system coin- 
cides with the number of degrees of freedom of the system nm = 3N — 
—d (see page 15). 

The quantities g,;, .-., ¢, in formulas (2) or (2’) (m is the number 
of degrees of freedom) are called the independent generalized coor- 
dinates of the system. 

For each instant of time ¢, a one-to-one correspondence is estab- 
lished between the possible states of the system and the points of a cer- 
tain region in the n-dimensional coordinate space (qi, ..., Gn). 
To each position of the system at time ¢ there corresponds a point 
in the space (q;, .. ., qn) that describes this position of the system. 
The motion of a point in the coordinate space (q,, ..., G,) corre- 
sponds to the motion of the system. 

If all constraints are stationary (a scleronomic system!), then the 
time ¢ does not appear explicitly in equations (1’). It is then always 
possible to choose coordinates qi, ..., g, such that the time ¢ does 
not enter the equations (2) either. From now on it is assumed that 
for a scleronomic system the independent coordinates qi, ..., Qn 
are chosen in precisely that way. Then, for a scleronomic system, the 
formulas (2) and (2’) take on the form 


Ly = Dv (93); Yu = Pv (93), By = Lv (92) (v=, deg) (3) 


or 
r=ry(q) (v1, ...,) (3) 
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Example 1. A double pendulum (Fig. 19) moving in a plane has two degrees 
of freedom. For the independent coordinates g, and gz, we can take the angles 
@ and a. 

Example 2. A free rigid body has six degrees of freedom. For the indepen- 
dent coordinates we can take the three coordinates x4, y,, 24 Of some point A 
of ‘the body and the three Eulerian angles >, 6 and o that define the rotation 
of a system of axes AEne (that is invariably fixed to the body) about a stationary 
system of coordinate axes Oxyz. 

Euler’s angles are determined as follows (Fig. 20). Draw through point A 
the axes Az,, Ay, 4z, parallel with the axes Ox, Oy, Oz and in the same dire- 
ctions. The line AN that intersects the planes Ax ,y,; and A&y is called the nodal 


pre i ee ne ee ee ee er ee ee ty tm ee 


Fig. 19. Fig. 20. 


line.* Then 6, or the angle of nutation, is the angle between the axes Az, and 
AC: , or the angle of precession, is the angle between the axes Ax, and AN; 
and ~ is the angle of pure rotation formed by the axes AN and AE. 

By means of three parallel displacements—along the z-, y- and z-axis—by 
Za. Ya, 24 the coordinate trihedral Oxyz is displaced to the position Az,y,2,. 
By means of three successive rotations—through the angle p about the axis Az, 
through the angle 6 about the axis AN, and through the angle @ about the axis 
AC—the trihedral Az y,z, is displaced to the position AénC. 

Thus, the quantities z4, y4, z4, p, 9, p determine the position of the coor- 
dinate trihedral AEno relative to the trihedral Ozyz, i.e. they determine the 
position of the given rigid body relative to the initial system of coordinate axes. 

Take an arbitrary point of a rigid body. It is determined by specifying its 
coordinates §, y, ¢. Then the coordinates z, y, z of this point may be represented 
as functions of the quantities z4, y,4, 24, p, 9, mg. Thus, for example, from 
ie 20 ‘ will readily be seen that z = 24 M4 § sin p sin 6 + y cos p sin 8 + 
t § cos 0. 

Similar, though somewhat more involved formulas are obtained for z and y 
[24]. These formulas are a special case of the formulas (2). They do not contain ? 
explicitly. A free rigid body is a scleronomic system. 

It will be noted that in the motion of a rigid body the quantities x4, y,, 
Za, tp, 8, p vary, and the decomposition given above of the transition from 


* Direct the axis AN so that rotation about this axis from the axis Az, 
to Af through the smallest angle is counterclockwise. 


oF 
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Ozxyz to A&€yC into three parallel displacements and three rotations gives the 
impression of arbitrary motion of the rigid body in the form of complex (com- 
pound) motion consisting of six simple motions: three translational motions 
(along the z-, y~. and z-axis) and three purely rotational motions (about the 
axes Az,, AN, and AC). Since in complex motion the angular velocity is equal 
to the vector sum of the component angular velocities, it follows that 


© =Oy+ 00+ 09 (4) 
where @y, 9, @ are directed along the axes Az, AN, At, respectively; 


here, Op=="P, Op=9; and w=. 

Example 3. A free particle M has three degrees of freedom. For the inde- 
pendent coordinates we can take Cartesian coordinates or some other coordinates 
of the point. For the case when cylindrical coordinates 7, tp, 2 are taken for 


2 


Fig. 24. Fig. 22. 


91, 92) 73, the formulas (2) will appear as (Fig. 21): 
z=Prcost, y=rsinyp, 7z=2 (5) 
In the case of the spherical coordinates r, op, p (Fig. 22), we will have, 
in place of formulas (5), 
z=recospsing, y=rsinwpsing, z=rcos@ (6) 
Example 4. A constrained particle M is located on a mobile sphere 
(x = at)2-+(y— bt)2 4 (z—ct)? = r2 
Then n=2, and the longitude and latitude on the sphere (Fig. 23) may 
be utilized as the independent coordinates: 
z=at+rcosq, cos qe, y= bt+ rsin qy cos qe, 
z=enct-+-rsin q2 
To every coordinate g; there corresponds a generalized force 
Q; (i= 1,..., ). The generalized forces are determined as follows. 
Consider the elementary work of effeciive forces on virtual displa- 
cements 


N 
6A = > For, (7) 
val : 
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But the virtual differentials, i.e. the differentials for fixed “frozen” ¢, 
of the function 1, (£, 9;)* are the virtual displacements 6r,: 


bry= DS) tba (v=4,..-,N) (8) 

i=1 
Substitute the expressions (8) into the right-hand side of for- 
mula (7) and express the elementary work of the effective forces 


Fig. 23. 


on the virtual displacements in terms of arbitrary elementary 
increments 6g; of the independent coordinates g; (i{=1,..., ™): 
N n 3 n N 9 n 
Pr 
6A= Si Fy Dy FP ba = Dd) ( Pe Zt) oa = Abn 09) 
v=1 i=1 ix{ v=1 i=s4 
where the coefficients of 6q;, or the generalized forces Q;, are 
determined by the equations 


N 
ar, 
Qi= DRvayp Ht... m) (10) 


yo=l 


* Indeed, when the functions 7, (¢, g;) (v= 1, ..., NW) are suhstituted 
into the constraint equations f, (t, m,)= 0 (@=1,..., a), the latter be- 
come identities. Let us differentiate termwise the identities obtained (for fixed 2). 


We then find 


N 
of 
>, Ire OF v=0 (a==1,..., 4) (*) 
v=1 
where 67, (v = 1, ..., N) are the virtual differentials. But the equations (*) 


coincide with the first d equations (7) on page 13 that determine the virtual 
displacements of a holonomic system. Consequently, the virtual differentials 
of the radii vectors are virtual displacements of points of a holonomic system. 


38 Equations of Motion of an Arbitrary System of Particles [Ch. 1 


it will be noted that for practical purposes formula (10) is by far 
not always used to find the quantity Q;. Instead, the system is given 
an elementary virtual displacement such that only the ith coordinate 
q;i receives a certain increment- while the remaining independent coor- 
dinates do not change. After that the work of the effective forces 
6A; is calculated on just such a specially chosen displacement. Then, 


6A; =0;8q:, and Q= 


Example 5. A rigid body is constrained to move translationally along 
the z-axis. Then n=1 and the abscissa z of some point of the body 4A may 
be taken as the independent coordinate. Here, 


6A = Xr (44) 
where X is the sum of the projections, on the z-axis, of all effective forces 
acting on the body. Obviously X is the generalized force for the coordinate z: 

O=X (12) 
Example 6. A rigid body is constrained to rotate about a certain fixed 


axis u. The angle of rotation @ may be taken as the independent coordinate. 
Then 


6A= Lb (13) 
where L,, is the total moment of all effective forces about the axis of rotation, and 
O= Ly (14) 


Example 7. A free rigid body. For the independent coordinates let us take 
the three coordinates z4, ya, 24 Of some point A of the hody and the three Eule- 
rian angles p, 6, g (see Example 2 on pages 35-36). Then, according to equa- 


tion (9), 
8A =Qxd2-+-Qydy +0252 4 Qyd-+ 0950+ 0g59 (15) 


To determine Q, we impart to the body an elementary displacement along the 
z-axis. Then Oy, = 624 = 0, and dp= 60 = dp = 0. Therefore, 5A = 
= Q,6z,. A comparison with (11) yields 


Ox = X 


Similarly, Q, = Y, Qz = Z. Here, X, Y, Z are the projections on the stationary 
axes z, y, 2 of the principal vector of all effective forces acting on the body. 

We now impart to our body an elementary displacement such that only 
the angle p changes, while the quantities z4, y4, 24, 8 and g remain invariable. 


Then 


On the other hand, the elementary displacement of the body is a rotation 
about the axis Az,. Therefore, in accord with formula (13), 


Qy = Ly 


where L,, is the total moment of all effective forces about the axis Az, about 
which a rotation through the angle p is performed. 

In quite analogous fashion, Qg = Lg and Gy = Ly, where Le and Ly are 
the total moments of the effective forces about the axes AN and Af. 
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We can arrive at the same expressions for the generalized forces if we take 
advantage of the expression for the elementary work of the effective forces 
applied to a rigid body (see page 26):* 


84= Rér,+ Lo dt (16) 
where R and ZL, are the principal vector and the principal moment of the 
system of forces about the pole A. Inasmuch as [see formula (4)} o=@y-+ 


+@e+@g, Where Oy =p, wo = 9, p=; and the projections of the vector 
EL, on the directions of the vectors @y, 9, @g are equal, respectively, 
to Ly, Le, Ly, from formula (16) we find 


A comparison of the expressions (47) and (15) gives us expressions for the gene- 
ralized forces. 


Now let a certain position of the system be a position of equili- 
brium. According to the principle of virtual displacements this is 
possible if and only if 


6A = » Q:5q; = 0 (18) 
i=1 


But the increments 6g; in the independent coordinates g; may be 
quite arbitrary. Therefore the equation (18) is equivalent to the 
system of equations 


0,20 Gates an), (19) 


Thus, the position of a holonomic system is an equilibrium position 
if and only if all the generalized forces in this position are zero. 


Example 8. In accordance with the equations (19), the conditions of equi- 
librium of a free rigid body may be written as 


X=Y=Z=0, Ly=Lp=Ly=0 (20) 


{see preceding example). Here, X, Y, Z are the projections, on the coordinate 
axes, Of the principal vector # of the external forces acting on the body, and 
Ly, Le, Lg are the projections of the principal moment L, of these forces on 
three non-coplanar directions. For this reason, the scalar equations (20) are 
equivalent to two vector equations: 


R=0, L,=0 


These are the necessary and sufficient conditions of equilibrium of a free rigid 
body that had already been established on page 26. 


* Since we have to do here with a scleronomic system, in place of 6 
we can write d, and vice versa. Therefore, drg=—6r, and dp=dp=y dt, 
60=0 dt and 69=¢ dt. 


40 Equations of Motion of an Arbitrary System of Particles [Ch. I 


6. Lagrange’s Equations of the Second Kind in 
Independent Coordinates 


In deriving the differential equations of motion of a holonomic 


system in independent coordinates qi, ..., G,, we shall proceed 
from the general equation of dynamics 
N 
>) (Fy—myw,) dry = 0 (1) 
y=1 


Let us recall the expression, obtained in Sec. 5, for the ele- 
mentary work of effective forces: 


N n 
= >) Fybr, = >) Qi69: (2) 
v=1 i=! 
where 
N 
Ory aa 
Qi 2b Pe age G=ti2e) (3) 
Quite analogously it is possible to dain: the elementary work 
of the inertial forces —m,w, (v=1, ..., N): 
n 
§4,=— s My Wy", = — >, 2:89; (4) 
v=1 i=1 
where, by analogy with expression (3), 
= O d 7) 
r ry Or, 
A= > My Wy ai => y dt 0g; 
v=1 v=1 
d ul as d 
7) : 0 
a vNy TF = >») MyPy FP a (i = serra n) (9) 
vo=l v=1 
But the velocity 
nr 
: ary * , @ 
y=) Gg Met ae (6) 
ho 


is linearly dependent on qs (k=1,...,). From this formula we 
find that 


ll nee ee eee oe v=1,...,N) (7) 
0g; “44 
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On the other hand, from the same equation (6) we obtain 


ary _ ry * Bry d ory 
0g; -> 0G; Oa: 09n 2 age Oqiat dt ~Oq) (8) 


res wen Vales need) 


Therefore, expression (5) for Z; may also be written as follows: 


a 7 ar ° or ad or oT 
Z4,=—- y) myr Y— } myer a Se 2 eee 
oe viy 7 qiy ; : 5 


dt rae a4; = 0q dt aq; Ogi 
((=1, ...,2) (9) 
where 7 is the kinetic energy of the system 
N 
T=+ >i mrt (40) 
v==1 
The general equation of dynamics (1) gives us 
6A4+64;=0 (11) 
or, by virtue of the equations (2) and (4), 
2 (Q:—Z;) 6g; =0 (= 1, ore BR) (12) 


Since the g; are independent coordinates and, for this reason, the 
dg; are absolutely arbitrary increments in the coordinates (i =1,... 
., ), it follows that (12) can hold when and only when all the 
coefficients of 6g; in equation (12) ara equal to zero. Therefore, the 
general equation of dynamics (12) is equivalent to the set of equations 


Zi:=Q0: (i=1,...,n) (13) 


which, according to the relations (9), may also be written in the 
following form: 


d oF or ‘ 
SS > , r== 1, ewe . 
maga on n) (14) 


Equations (14) are called the Lagrange equations of the second kind 
or the Lagrange equations in independent coordinates. 


The quantities di (i = 1, ..., m) are called generalized velocities. 


The velocities of points of the system vw, = 7, are expressed in terms 
of the generalized velocities (and also in terms of independent coor- 
dinates and the time) by means of the formulas (6). The quantities 


a (@=1,..., ”) are called generalized accelerations. 


42 Equations of Motion of an Arbitrary System of Particles [Ch. 1 


After performing the operation —- the left-hand sides of the 


Lagrange equations (14) contain the time ft, the generalized coordi- 
nates g;, the generalized velocities g;, and the generalized accelera- 


tions qi (i = 1, ..., mn). The generalized forces Q; (i = 1, ..., 7) 
on the right- -hand sides of the Lagrange equations are ordinarily 
specified * as functions of t, ge, gr (kK = 1, .» ny: 

QO: = Qi (t, Ga, Qn) (t= 1, -. 5 7) (19) 


The Lagrange equations (14) form a set of n ordinary differential 
equations of the second order in m unknown functions q; of the inde- 
pendent variable ¢. The order of this system is 2n. Note that the set 
of differential equations determining the motion of a holonomic 
system with n degrees of freedom cannot be of order less than 27, 
since by virtue of the arbitrariness of the initial values of the quan- 


tities g; and q; (i= 1, ..., m), the solution of the system must 
contain at least 2n arbitrary constants. Thus, the set of Lagrange 
equations in independent coordinates has the lowest possible order. 

In the case of a constrained system, the reaction forces Ry 
(v= 4, , N) have likewise to be determined. The reaction forces 
do not ‘enter into Lagrange’s equations. This is an essential advan- 
tage of Lagrange’s equations. After one s equations have been 


integrated and the functions gq; (t) (j= 1, ..., m) found, r, = 
= r, (t) are determined [by substitution of these functions into for- 
mulas (2’) on page 34] and, consequently, a, = = 4 ee) ry and 
Fy, (t, %, ry) (v= 1,..., NV). After that the unknown reaction 
forces are determined from the formulas 

Ry=myw,—Fy, (vw=1,...,) (16) 


In the case of a free system of particles, Lagrange’s equations are 
a compact notation of the equations of motion in an arbitrary system 
of coordinates. 


Example 1. A rigid body is in rotation about a stationary axis u. For 
the independent coordinate we take the angle of rotation g. The appropriate 
generalized force Q (see Example 6 on page 38) is equal to the moment 
of rotation Ly,. On the other hand, r=> Typ? where J, is the moment 
of inertia of the body about the axis of rotation. 


* See formulas (3) and (6) of this section and also formula (10) on page 16 
and formula (2’) on page 34. 
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The Lagrange equation 


qd © oF _g 
dt ay ory 
after the substitution 
OT oT 
— = !yQ, F) =0, Q=L, 
ay ? 
assumes the form 
e=Ly 


This is the differential equation of the rotation of a rigid body about 
a Stationary axis. 

Example 2. A double simple pendulum is in motion in a plane (Fig. 24). 
We form an expression for the elementary work: 


8A = m4 e524 + mogdz5 


where 24=1,cos@4, 2=14 cos q,+l2cos Qo. 


| 
| 
| 
| 


yg 


| 
| 
| 
| 
| 
Z 
Fig. 24. 


Calculating 62, and 8z), we find 
§A= —(m,+ mg) gl, sin pydq, — mogle Sin Godq2 
and 
Q1= —(m4 + Me) gly sin Gy, Qo= —mogle sin Pe 
On the other hand, 


41 ’ 4 e e oe 
r=> my lig? boy me [Ee—p? + 13p$+ 2yly cos (Pi — Po) P12) = 


4 e ° e¢ 41 . 
= > (my +m2) L2pi + mel ylo@4@e Cos (G4 — G2) + a mol ip} 
® 
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The first Lagrange equation 


a4 7 WF o 
Wo ap 
4 4 


is of the form 
d . btigss =, 
ap Ulema + me) Lis + malalape cos (P1 — Pa) + Molslopshe sin (G1 — G2) = 


= —(m4-+mp) gly sin gy 


It is left to the reader to form the second equation that corresponds to the 
coordinate Qs. 

Example 3. It is required to determine the differential equations of motion 
of a free particle in spherical coordinates (see Example 3 on page 36, and Fig. 22). 
The velocity of the particle is equal to the vector sum of: (a) radial velocity; 
(b) rotatory velocity due to the rotation of the radius in the plane of the meri- 
dian, and (c) rotatory velocity due to rotation of the plane of meridian. The 
velocity components are pairwise orthogonal and therefore 


P= mod m (P24 1292-4 72 sin? gp 


To find the generalized force Q,, we displace the particle along the radius. 
Then 8A, = F,6r, where F, is the projection of the applied force F on the dire- 
ction of the radius. Whence Q, = F,. 

Now let us impart to the particle an elementary displacement along the 
meridian. Then 5A, = Fy rd, where F, is the projection of the force F on the 
tangent to the meridian.* Therefore 


Qo= For 
Analogously, 
Oy =F yr sing 


where Fy is the projection of the force F on the tangent to the parallel. 
The Lagrange equation of the coordinate r 


ad oT or 26 
aE of Ge: 
or 


takes on the form 
m (r—rg?—r sin? erp?) =F, 
For the coordinates @ and wp we find 
m (rp + orp —r sin @ Cos erp?) =F 


m (rsin Opt 2sin grip+2r cos Og) = Fy 


We have obtained three differential equations of the motion of a free 
particle in spherical coordinates. 


* We send the tangents (to the meridian) and the parallels in the direction 
of appropriate increasing coordinates @ and pp. 
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7. Investigating Lagrange’s Equations 


In order to form the Lagrange equations it is necessary first to find 
the expression for the kinetic energy as a function of the time tf, 


the generalized coordinates g; and the generalized velocities 0; (i= 
= 41, ..., nm). Le at us do this in the ener form: 


N 
mit = 3) mo(B Sea + Bt)” - 


| 

{| 
to] 
Mz 


v= 1 i=1 
4 : z 
=D ies Gif; + A (1) 
i, k=14 i=1 
Here, the coefficients a@;,, @:, @ are functions of t, q,, ..., Qn 
defined by the equations 
: o 
Py Ory ee 
Qik = >, Vv 0g; dg ( ’ — 1, ’ n) (2) 
v=1 
N 
ie Or, Ory — 3 
a, = >) my Bq) Ok (Sb. cuit) (3) 
v== 1 
Mae ary \? 
? 
ag=-x >) my ( a) (4) 
v== 1 : 


Formula (1) shows that the kinetic energy of a holonomic sys- 
tem is a function (polynomial) of the second degree in the gene- 
ralized velocities: 


T=7T2,4-1,+T5 (5) 
where 
; ' nt & Se ; in . 
T.= > > aingiqnr, Ly= >) 4iqi, To =p (6) 
i, k=1 i=1 


As was explained in Sec. 1, in the case of a scleronomic system, 
the time does not explicitly enter into the relation between 7», 
and q;, and for this reason 


ary 
—=0 (v=1,...,¥) 


But then, according to equations (3) and (4), 
a=0,a,=0 (i=1,...,7n) 


* From formulas (2) it will be seen that a;, = a,; (i, k= 1, ..., 7). 
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and 
{ nm 
Palys > > Qikgiqr 
i, h=1 


Thus, the kinetic energy of a scleronomic system appears in the 
form of a homogeneous function of the second degree (quadratic form) 
of the generalized velocities. 

It will be noted that in an arbitrary (scleronomic or rheonomic) 
holonomic system, the form T, is always nondegenerate, i.e. a de- 
terminant made up of its coefficients is different from zero: 


det (ain)i, ni 0 (7) 
Indeed, let 
det (ain)i. h-=-1 = 0 


Then the system of homogeneous linear equations 


D anda =0 (CS4 eae) (8) 


has a real nonzero solution. 

Multiplying the set of equations (8) termwise by A;, then sum- 
ming with respect to z from 1 to m and utilizing formulas (2), 
we get 


nr nr N 
a2 A Or, OP, _ 
O= > aindiha= > 63 mya Z| AAR = 
i, k=1 1,hk=1 v=1 
NV n 


es -y Or, iy 
— a my ( A, 9; 
v1 i={ 


whence 


3 2220 (v=1,...,N) (9) 


ix] 


‘These N vector equations may be replaced by 34 scalar equations: 


SB mH0, YM 0, SHAR Wat M) OY 


i=1 i=-i i=1 
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The equations (9’) show that in the Jacobian functional matrix 


Ox, Ox, 
dq, ° °°"? OQn 
Oy4 Oya 
6q, > ~""’ Oy 
024 O24 
Og, ° ~'"? Aan 
smc! Ge ae oh ahce? at (10) 
Orn OLN 
Oq, ” "  O9n 
dyn dyn 
aq, Oan 
02N 02n 
Og, °°" "' Gn 


the columns are linearly dependent, i.e. the rank o of this functional 
matrix is less than x. Then among the 3N functions x, y;, 21, ..., 
Zu, Yn, Zn Of the n arguments qi ..., gp (¢ is regarded as a para- 
meter) there ar e p independent quantities in terms of which all the 
remaining Cartesian coordinates of the points of the system may be 
expressed. This is a contradiction, since the minimal number of indep- 
endent coordinates of the system is equal to the number of degrees of 
freedom n, while p <n. The inequality (7) is thus established.* 
The property of coefficients of quadratic form 7, expressed by the 
inequality (7) is very essential and we shall repeatedly make use 
of it in the sequel. Note that since always 7, > 0 (7, is the kinetic 
energy in the case of “frozen” constraints!), it follows from inequality 
n 


(7) that the quadratic form 7, = 5 Di snd ide is positive definite, 
i,h==4 

i.e. T, > 0, and 7, = 0 only when all g; (i = 1, ..., m) are equal 

to zero. Therefore, for the coefficients a;, we have the determinantal 

inequalities of Sylvester: 


ai Qi see Gin 
a4, Ayo 
dy, => 0, >0,..., | G21 Gen --- don [>> 0 (11) 
Uo, Geo 
anj ang ee Qnn 


Putting the expression (1) for kinetic energy into the Lagrange 
equations 


qo Sa (4, | n) (12) 

* The rank of the functional matrix (10) may he less than n at individual 

(singular) points, At these points the equality det (a;,)j,_, = 0 is possible. 
In the sequel we shall not consider such special positions of the system. 
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we get 
p2} Qik Get (##) = as Q; (t, qj q)) (i= 1, , 2) (13) 


Here, the symbol! (**) indicates the sum of the terms not involving 
second derivatives of the coordinates with respect to the time. The 
right-hand sides likewise do not contain second derivatives since 


in the general case they are functions of the quantities ¢, q;, q) 
Gy te ay a) 

Since det (a;,)i,r-1 0, it follows that the equations (13) may 
be solyed for the second derivatives and represented in the form 


== Gi (t, Qn, gx) (b= 4, ..., 0). (14) 


But then, as we know from the theory of differential equations, for 
certain assumptions relative to the right-hand sides G;, which in 
mechanics are always assumed to be satisfied*, there is one and only 
one solution of the Lagrange equations for arbitrary preassigned ini- 


tial g?, @ with t= t) (i= 1, ..., n). Thus, the motion of a holo- 
nomic system is uniquely determined by specifying the initial 


position (qj) and the initial velocities (q’). 


8. Theorem on Variation of Total Energy. 
Potential, Gyroscopic and Dissipative 
Forces 


If the generalized forces do not depend on the generalized velocities 


QO: =Q: (t, G1, - ++) Qn) (C= 1, ---, 2) (1) 
and there exists a function Il (f, q, ..-, gn) such that 
dl ,. 
C= 9; b= grducng. st) (2) 


then the forces Q; are called potential, and the function II is the 
potential of the forces or the potential energy. Equations (2), which 
determine the potential 11 may be written as** 


nr 


bA= pa Q:6q¢;= —Sul (3) 


* For instance, if the functions G,; (i = 1, ..., ») have continuous first- 
order partial derivatives. 
** The time A is first fixed when computing the virtual differential 6II. 


Therefore 6II = y >a bai. 
= 
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Let us now consider the general case when in addition to the 
potential forces determined by the potential I], the system is acted 
upon also by nonpotential forces 


0; =O; (t, js qi) (i= 1, ees n). (A) 
Then 
7) | 
i= pa wt (9) 
and the Lagrange equations assume the form 
a or or ro) a ~ r 
ay On eae et (i= 1, ea ey n) (6) 


We now consider the total energy E, which is equal to the sum 
of the kinetic energy and potential energy 


E=T+1 (7) 


and compute the derivative a . To do this, we first find 


nr 
dT oT ° oT °° ar 
a> Ds Way he a) ae 


imi 
d = oT te oT d or a 
e e T 
=—- Jat y>d Ga a OF ae (3) 
jay 949i i=} 0g; 


Noting that T=7,+7,+T7, and utilizing the Lagrange equa- 
tions (6), we obtain* 


n 
dT d or oul =\° 
Hn Clet TM +5,+ Dd (= -9:) a= 
ix 
n 
dT d or ali ou ~* 
= 2 ay (T+ 28) + 5 + ap ap Dim: (9) 
i=! 


n 


* The Buler formula )) ot zj=mf holds for a homogeneous function 
t 


i={ 
f(x14,..-,%,) of the mth degree. Applying this formula to the linear form 
T,; and to the quadratic form 7», we find 
- or. T 
2° Ol, + 
s ~~ 9i=272, >» - gi=l; 


The validity of these identities also follows directly from the expressions 
for Ty and 7, given on page 45. 


4—-3420 
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From this, taking into account equation (7), we obtain 


oT all 
= 0a a (Pa + 220) —sp at at ar (10) 
The expression on its right, 
n > Oidq: _ 
a" i= $A 
>, 0:4 => — ae Ta (11) 


where 5A is the elementary work of the nonpotential forces Q;, is 
the power of ‘the nonpotential forces Q, (i=1,..., nm). The term 
on the right-hand side, 


d oT 
ay (Pi + 22 ae (12) 


is different from zero only for 2 eens system (for a scleronomic 
system, 7; = T,= 0, and = = = 0). The latter term is nonzero 


only when the potential energy Thi is explicitly dependent on the time. 
Formula (10) determines the change in the total energy of an arbi- 
trary holonomic system in motion. Let us consider some special 
cases. 
(a) A scleronomic system. Then 


dE . x oll 
a S) Gigi are (13) 
i=4 


(b) A scleronomic system where the potential energy is not 
explicitly dependent on the time. Then 


n 4 
= >) igs (14) 
i=t 
Fcr such a system the derivative of the total energy with respect to 
the time is equal to the power of the nonpotential forces. 

(c) A conservative system, i.e. (1) a scleronomic system, (2) a sys- 
tem where all forces are potential, and (3) where the potential energy 
II is not explicitly dependent on the time. According to equation 
(10), for a conservative ete 


<- a= (15) 


i.e. for any motion of the system 
E=const=h (16) 
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The total energy of a conservative system does not change when 
the system is in motion. 


Equation (16), which does not involve qi but involves the arbi- 
trary constant h, determines the first integral of the equations of 
motion. Equation (16) is called the energy integral. 


Nonpotential forces are called gyroscopic forces if their power is 
Zero: 


20a: =0 (17) 


and dissipative forces if their power* is negative or zero: 
n 
>» Qigi <0 (18) 
i=1 


If the potential energy is not explicitly dependent on ¢, then from 
equations (14) and (17) it follows that S2=0, and thus for a 


scleronomic system with gyroscopic forces we also have the energy 
integral 
E = const 


* In the case of a scleronomic system 


N n 
S) Fy dry= >} Qi dqj 


v=1 i= 
whence after termwise division by dt we find 
N n 7 
S) Pytv= >) Qigi («) 
vex i ix=4 
For this reason equation (17) expresses the condition of gyroscopicity 


N 
>) Fvvy=0 
v=1 


and equation (18) the condition of dissipativity 


N 
>, Fyvy <0 


vezi 
In the case of a rheonomic system, equation (*) may not hold. Then 
N n 


br, == dry— ae dt and from the equation >» F\6r,= 9} Q;59; it follows 


v=1 i=1 
N n 
or ° 
that > F, ( v— ar i > Q igi. 


4* 
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But if such a system is acted upon by dissipative forces, then 
dE 


a <9 


when the system is in motion; i.e. the total energy diminishes during 
the motion.* In that case we call the system a dissipative system. 

In the relations (47) and (18), the generalized forces Q; in the gene- 
ral case depend on the generalized velocities. Consider some impor- 
tant special cases in which this dependence is linear and homoge~ 
neous. 


1°. Let ; 
= dy viage (E= 41, ..., 0) (19) 
and let the matrix of the coefficients y;, be skew-symmetric**: 
Vin = — Yr (i, H= 1, ..., nr) (20) 


Then the forces (19) are gyroscopic. 
Indeed, in this case 


n n n F A aera A oe 
 Ga= DS vingda= Dd) yugi-+ dD) (vin yn) Giga =0 
i=1 4, hk=1 i=i{ i<th 


This equation shows that the skew-symmetry of the matrix of coeffi- 
cients y;, is not only a sufficient but also a necessary condition for 
the forces (19) applied to the scleronomic system to be gyroscopic. 


Example 1. For a scleronomic system, the Coriolis forces of inertia are 
gyroscopic forces. Indeed, the Coriolis force of inertia applied to a particle 
P,, of a system is determined from the formula 


Fy = — 2m, (@ X Vy) 


where, m, is the mass of the particle P,, wv, is its velocity in the noniner- 
tial system of coordinate axes under consideration, and » is the angular velo- 
city of rotation of this system relative to some inertial system of coordinates 
(veri, ..., N). Then 


N 
> F,vy=0 
v=1 


Example 2. Let a rigid body with a stationary point O be acted upon by 
forces with principal moment Lo = J (@; X @2) where J is a scalar, and let 
@ = @, + @2 be the angular velocity of the body. Then the forces applied 
to the body are gyroscopic since their power is equal to zero: 


Lao =f 


* Energy is dissipated in the case of dissipative forces; hence the term. 
** In the case of a skew-Symmetric matrix || y;, ||, always y;; = 0 (i = 
=1,..., 7). 
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If the rigid body possesses dynamical symmetry, J is the moment of inertia 
ahout the axisof symmetry, m2 is the angular velocity of “pure rotation” directed 
along the axis of symmetry, and @, is the angular velocity of precessiona]l motion, 
then the moment Lo = I (@, X @2) is called gyroscopic. Thus, the forces that 
create the gyroscopic moment are gyroscopic. 


2°. Let 
~ ise ° 
Qi= =D) binge (t= 1, -.-, 2) (21) 
where the matrix of coefficients b;, is symmetrical, 
bin = On; (i= 1, ato n) (21’) 
nr 
and let the quadratic form >) 0:49:9, be positive; i.e. 
e e 
ay bingif@n > O (22) 
Then for the scleronomic system the power of the forces is equal to 
n e n e e 
» Oinm= — bindign <9 (23) 
i=1 i, A=1 


and the forces QO; are dissipative. 

In this case the quadratic form 

n 

1 ee 
R=> > bikQidn (24) 
i,h=1 

is called Rayleigh’s dissipative function. It is easy to see that the 
generalized forces (21) are obtained from Rayleigh’s dissipative 

function by means of the formulas 


O22 G2 65.0) (25) 


gi 
If the system is scleronomic and the potential energy does not 
depend explicitly on the time, then by virtue of the equalities 
(14), (23), and (25) 


dk i e 
= Dy Cia: = —2R (26) 


This formula points to the physical meaning of Rayleigh’s function: 
the doubled Rayleigh function is equal to the rate of decrease in 
total energy. 

If the Rayleigh function (24) is a positive definite quadratic form 
of the generalized velocities, then one speaks of the total dissipation 
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of energy. In this case, we will call the system definite dissipative. 
According to formula (26), the total energy of such a system strictly 
diminishes. 


By way of illustration, let us consider the forces of resistance of the medium 
applied to points of the system, the forces heing proportional to the first power 
of the velocities of the points: 


F.,= — By, (Ved ag lV) (27) 
In this case 
N 
>) Fyv,=—2R (28) 
v= 1 
where 
: N 
R=—-B D) v3 (29) 
v= 1 


9. Electromechanical Analogies 


In this section we will show how the equations of analytical 
mechanics may be applied not only to mechanjcal systems but to 
electrical and electromechanical systems as well. 


c 


R 
Fig. 25 


Consider a circuit with inductance L, resistance R and capacitance 
C connected in series (Fig. 25). For these elements, the relation bet- 
ween the voltage u (the difference between the potentials at the ends 


of the element) and the current i (i = a where q is the charge | 
will, respectively, be equal to 
di , 1 : 
u- LS, u= Ri, u=z ide (1) 


If in addition the circuit has an external source of electromo- 
tive force e(t). then we write that the electromotive force is equal 
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to the sum of the voltages acrossthe separate elements, and we have 


La +Ri+G | idt=e (2) 
or 
2 
LotR b+ tHe) (3) 


This equation is an analogue of the equation of mechanical 
oscillations: 
pee 
a 24 +.» 41 4 oq = (2) (4) 
Here to the inductance Z there er the inertial coefficient 
(generalized mass) a, to the ohmic resistance R the dissipative coef- 


u(v) C R 


Fig. 26 


ficient 5, to the coefficient — - , where C is the capacitance, corres- 


sponds the reduced sldciant of elastic force c; the charge q corre- 
sponds to the generalized coordinate q, and the electromotive force 
e (t) to the generalized force Q (t). 

On the other hand, in the circuit shown in Fig. 26 the currents 
passing through the inductor, the resistor and the capacitor are 
additive, and so 


u 1 
RTT | vat eG=ie (5) 
Differentiating termwise, we get 
d2u 1 du di 
C art Baty ~~ dt 


Here we have another system of analogies in which the voltage u 
corresponds to the coordinate g, the mechanical coefficients a, 6, c 
‘ + : +3 and the quantity a corresponds to the 
generalized force Q (t). 

Two electric systems having the same (up to notations) equations are 
two different electric analogues of one and the same mechanical system. 

To the kinetical and potential energies, the Rayleigh function, 
and the generalized force of a mechanical system with one degree 


are replaced by C 
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of freedom 
T=+af, R= + bq, =< 9", Q=Q(t) 
in the first system of analogies there correspond the quantities 
—~!4y772 piripe pit, ,_ 
T= 5 Lq’, R= = Rq : N=s549 , e=e(l) 
and in the second, the quantities 
tae FF 1 io __! 2 
T=5Cw, R=57u*, => u?, 
Thus, the systems of electromechanical analogies are determined 
by the following table: 


Mechanical: q albjlecj @Q T= 5 ag? R= 5 og? I} = —¢q~ 
ees { —_ 1. 1 
{st electrical: ¢g |] L| & al e 5 L4 5 Ra? ao @ 
2nd electrical: 1) 1| di 1. 1. 4 
Ge ees Vs eS pace pence —— 2 
u R a | Do |) oR | or” 


Let us consider the electric circuit shown in Fig. 27 as anexample 
of a more complex illustration. 


Fig. 27 


We form the Lagrange equations adhering to the first system of 
analogies; first we compute 


e 4 e ° 
T= > Lygi+ > Les (G2 — 43)" 
vad 1 ~ 1 “a 1 id 
R=zRi+ sz Rent > Rs 
I] 


4 2 1 2 
IC, 8 T 8Oy (41 — 42) 
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Also, ¢2.=e3=90. Put 
a= A sin QQz 


Now write down the Lagrange equations: 
nie . 1 4 ‘ 
L R —— 0, ——— 90 = Asin Qt 

191+ 1 +o 11 — G9 In 

ee eo, e 4 1 

Loa do — Log a+ Roget Ga — Go u=9 
ee oe 1 
Ing 93 — Leet Rats + G da= 0 


These equations will be the equations of the electric circuit 
depicted in Fig. 27. 


10. Appell’s Equations for Nonholonomic Systems. 
Pseu docoordinates 


In this section we shall derive the Appell equations that deter- 
mine the motion of a nonholonomic system. Let d finite and g 
differential constraints be imposed on a nonholonomic system (see 
Sec. 4). First utilizing only d finite constraints, we express the 
radii vectors of the points of the system in terms of m = 3N —d 
independent coordinates qi, ..., dm and the time ¢: 


Pe Pb Gigs vy Om) WE 1 oy) (1) 
From this 
rn a4 (vai, ...,N) (2) 
and 
in 5 a 8q; v=4, ..., N) (2') 


i=1 
However, ry, and ry (v=41,..., N) also satisfy the differential 
constraints* 
- e 
>) Uavtv + Da=0 (B=1,---, 8) (3) 
v==1 


where Zs, and Ds are functions of ¢t and r, (v=4,..., N). 


* The functions (1), when substituted into the equations of finite constra- 
ints, convert the latter into identities. Therefore, when using the representation 
(1) it suffices to consider only the differential constraints. 
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Substituting expressions (4) and (2) for », and ry into the con- 
Straint equations (3) we represent these equations in the form 


D Apidit As=0 (B=1, 5 8) (4) 


where the coefficients A,; of gq; and the absolute terms Ag, are func- 
tions of ¢ and qi,..., Qm- 

Thus for a nonholonomic system the coordinates q,, ..., 4m 
can take on arbitrary values, but then the generalized velocities 


q1, ae dn can no longer be arbitrary; they are connected by the 
relations (4). Considering the g constraints of (4) independent, we 
can express g generalized velocities from equations (4), for example 


Qn-+i1 +++, Gm in terms of the remaining qi,...,9g, (m= m— 
—g= 3N —d—g is the number of degrees of freedom of the 
system; see page 15). The velocities gy, ..., qn may be given arbi- 


trary values and then the values of the remaining velocities will 
be determined. 

However, we will take the more general path and for the indepen- 
dent quantities will take not n (n is the number of degrees of freedom) 
of the generalized velocities, but some nm independent linear combi- 
nations of these velocities* 


a2 fsi9i (ST wey 2) (5) 


where f,; are functions of ¢ and q;, -.., Gm 
Only one condition need be imposed on “the linear forms (9): 
these nm linear forms together with the g linear forms 


> Agi (B= 1, Siac g) 


must constitute a complete system made up of m = n + g linearly 
independent forms; i.e. the determinant composed of the coefficients 
of these m forms must be other than zero. Then the quantities 


Te (s = 1, ..., mn) can take on arbitrary values, since for any values 
of these quantities we will find the corresponding g; (i=1,..., m) 


* Jt will he convenient to denote the linear combinations (5) by Ts, although 
the symbol x, may be meaningless since the right-hand side of (5) may not be 
a total derivative. 
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by solving the set of linear equations (4) and (5). In this way we get 


giz Dd) histe +h; (i=1,..., m) (6) 
s=1i 
where h;, and h; are functions of ¢ and qi, ..-; Gm- 


The quantities Te, which are linear forms of the generalized velo- 
cities, will be called pseudovelocities, and the symbols 1,, pseudoco- 


ordinates (s = 1, ..., n). In particular, 1, can coincide with certain 
generalized velocities. But in the general case of m + n quantities, 


ne and q; are connected by the relations (5) and (6). 
In order to find the restrictions imposed by differential constraints 
on the virtual displacements 6g; it is necessary (see Sec. 2) in equati- 


ons (4) to discard the absolute terms A, and replace the q; by 964; 
(le Ty ea on): 
We then obtain 


a Agidqi=0 (B=1,..., 8) (4) 


In accord with equations (5) we introduce the notation* 


™|™ 
is= 2 fsiSq; (s=1,..., n) (5’) 


By assumption, forms (4‘) and (95‘) are linearly independent. The- 
refore Om, can assume arbitrary values while the corresponding 
6q; will be determined from the set of equations (4’) and (9’): 


= D hisdts (i= 1, ..., m) (6’) 


The expression for the work of elementary forces in virtual 
displacements may be given as 


sA= Sy Q;69: (7) 


i=t 


where, as for a holonomic system, 


> Fy, te (eS) éxey GM) 


* In the case of a scleronomic system Sq;-= dq; = 4; dt and therefore, in 
accordance with formulas (5) and (5’), én,= MN, dt. 
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Now, substituting into (7) the expressions (6’) in place of 454;, 
we get 


m n Tr ™m 
§A = pa OF x h;,6n, = pa ( >) AigQ1) 875 
i.e, 
sA= >) II, 6a, (8) 
s==1 
where 


IT, -> huQr= 3) 3) half F ode an A) (9) 


i=t v=1 


We shall call a quantities IJ, generalized forces that correspond 
to the pseudocoordinates nm, (s==1,..., mM). 
On the other hand, substituting into (2) the expressions (6) 


for qi we get 


n= on (v=4, wey N) (10) 
where e,, and e, (v=1,..., N; s=1,..., nm) are certain vector 


functions of ¢ and q,,... 
From the equations (10) ae "find" 


= y Cy,0ng: (VS 4, ceca) (11) 
s={ 
and 
ae n ee 
ry= Di eysits ++ (v=1, .-., 4) (12) 
where on the right-hand sides of (12) we take only the terms 
involving pseudoaccelerations Tg (S21. omy 2) 


By means of the equations (8) and (44) we write down the 
general equation of dynamics 


$A — 3 myP Ory = (13) 
v= 


* The quantities ys Ts and ¢ qi are connected by the relations (2), (4) and (5). 


Eliminating g; from these relations we find the formulas (10). The quantities 
Ory, das and dq; Satisfy the homogeneous relations (2’), (4’) and (5’), which differ 
from (2), (4) and (5) solely in the absence of ahsolute terms, For this reason, 
also the formulas (41), which are the result of eliminating Sq; from (2’), (4’) 


and (5’), are obtained from (10) by replacing ry by 6n,, ms by Sn, and by re- 
jecting the absolute terms e,,. 
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as follows 


n N ge 
Di (II, = p> MyPyevs) Sms = 0 (14) 
v=1 


s=1 


Since $n, are quite arbitrary multipliers, it follows that 
N ee 
> MyPyCys =I, (s=1,...,7) (15) 
v=1 


Let us now bring into the discussion the “energy of accelera- 
tions” 


N 
U=+ > myry, = U (t, iy hss Ts) (16) 


Noting that on the basis of formulas (12) 


Cys == ors (v1, ...,M; s=1,...,n) (17) 


Ong 
we can write equations (145) as follows: 
—~ =II, (s=1,...,n). (18) 
The equations (18) were first derived by Appell and are called 
Appell’s equations. 


These n=3N —d—g differential equations, togéther with the g 
constraint equations 


2 Asigi + 4p =0 (Cte) (19) 
and the n differential relatiors 
ts = 2 feiGt (20) 


form the system of differential equations that determi:e the motion 
of a nonholonomic system. 
Let us write the Appell equation in expanded form. To do this, 


put expressions (12) in formula (15) instead of ry. Then we get 


D Uostte + (#) = Hp (o=1, ..., n) (21) 
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, v 
IT, = IT, (t, Gi, ts), Uns = Ups (i, qi) = x, My€ys€yp 
v= 


(p, s=1,..., 7) (22) 
The symbol (*«*) in equations (21) denotes the terms that do not 


contain pseudoaccelerations Te (94 ae 
It may he proved that a determinant made up of the coeffici- 
ents Ups is not identically equal to zero: 


det (Ups)%, 51% 0" (23) 


Then equations (21) may be solved for the pseudoaccelerations 


Ts =H (ty qi, %) (8=1,...,2) (24) 
On the other hand, the relations (19) and (20) can also be represented 


in a form solved for q; (i = 1, ..., m) [see formulas (6)). 
Thus, the motion of a nonholonomic system is determined by 
a system of n-+ m differential equations of the first order in the 


unknown functions qi, ...; Gm; Th, a ents and these equations 
are solved for the derivatives. Then specification of the initial 
data, gi, .- +; Ym» n°, eo mu uniquely determines the motion of 


the system. ‘But with the aid of these initial data, formulas (1) 
and (6) are used to specify the arbitrary initial velocities and arbitra- 
ry initial position that are compatible with constraints. For this 
reason, Specification of the initial position of the system and the 
initial velocities that do not contradict the finite and differential 
constraints uniquely determines the motion of a nonholonomic system. 

Note 1. If in a special case, 2 independent generalized velocities, 


for example, Qh; +. +) Qn, are taken for the pseudovelocities, then 
in order to determine the appropriate generalized forces QT, .. ., Qh 
it is necessary in (7) to express ¢,41, ..., 8q¢,, in terms of bai, . as en 
-» OGn! 
m nr 
6A 3% Qiu = 3) O69. (25) 


In this case the energy of accelerations, U, may be given in the 
form of the function B(t, qi, ..-, Gm, Qs vas dn, qh; a 6s In) and 


* This determinant may he zero at certain points. These singular points 
are not considered here. Inequality (23) is substantiated in a similar manner 


to the inequality det (4;,); hued %O On pp. 46-47. 
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the Appell equations take the form 


ou 
—~==Q3 (s=1,...,7) (26) 
095 
Note 2. In particular the Appell equations may also be applied 
to a holonomic system. In this case, all velocities g; are indepen- 
dent, Q;=Q? (i= 1, ..., m), and, equations (26) are simply another 
notation for the Lagrange equations of the second kind.* 
Example 1. By means of the Appell equations we determine the motion 


of the system described in the example in Sec. 3 (see page 23). This will enable 
the reader to compare two methods of finding the motion of a nonholonomic 


Fig. 28 


system—by means of Lagrange multipliers and with the aid of Appell’s equa- 
tions—and to be convinced of the advantages of the latter. For the independent 
coordinates, we introduce the coordinates z, y of the centre of the rod and the 
sine ~ formed by the segment M,Mp> with the horizontal axis z (Fig. 28). 
Then 


z ay eee z Sipe cos 
== D) 0s &, 2°> 3 ” 


nays — oe 
yi-Y—-—>SInDG, Yo=Y¥r-jzsnF 
2 Ps 
The equation of differential constraint in the new coordinates hecomes 


zy 
cosp = sing 
It may readily he verified that the energy of accelerations, U, can be ex- 
pressed in the following manner: 


4 ee ee ee ee ee en ee e 
Ua (Ra HB By ZB Pte) 


* However, as applied to a holonomic system, Appell’s equations in pseu- 
docoordinates yield quite different forms of the equations of motion. 
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We introduce the pseudovelocity i, assuming 


z= cos q, yn sin @ 
then 


Peas HE gape: 


where the nonwritten terms do not involve accelerations. We now determine 
the generalized forces. To do this, write 


§A=ITlbn-+ O69 = —2gdy = — 2g sin gin 


From this 
=—2gsing, ®=0 
Now form the Appell equations 
a : a = 
On op 


In this case, these equations do not contain the coordinates x, y and have 
the form 


n=—g sing, o=0 
Integrating, we obtain 


p=at+B 
eas a= —-£ sing, n== S cos gy 
We find z and y: 
Fee ia yg G cos? g++ COs P 
ayia ynsin ga cos psing+— sing 


From this we have 


t= 


g g ; 
Sod p+ (2+ Dae 00S °) sing+6 


i 8 
y= —( = + Fqr © °) cos pe 


Substituting a+ 6 for g, we get the final equations of motion that contain 
five arbitrary constants, a, B, y, 6 and se: 


oa ohg (at +f) +[ E+E cos (at +8) | sin (at +8) +8 


y=—[2+ 55 cos (at +8) | cos (at-+B)+¢e, p=at-+B 


Example 2. We will show how it is possible, from the Appell equations, 


to els the dynamical equations of Euler for a rigid body with fixed 
point O. 


Let p, q, r be the projections of the angular velocity @ on the principal 
axes of inertia O&, On, Of. They are known to be linear combinations of the 


generalized velocities , 6, Q, where , 9, @ are the Euler angles 
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(see pp. 35-36)*. We can therefore take p, g, r for the three pseudoveloci- 
ties. Let us calculate the energy of accelerations:** 


wu = | wram= | (ex7r+@xX v)2 dm== 
= \(exrrdm42 \ (ex r)(@ xX v)dm+...= 


= { (eX r)? dm - 2€ \ [rx (m@ x v)}dm+...= 


=[exnpamy2[ox frxvam]+... (27) 
: dw 6m éw d ) 
It will be noted that e= = FOX ORT. Here, nr and ae 


denote, respectively, the differentiation in a stationary system of axes 


and in a system of axes invariably fixed in a body. Thercfore D, gq and r are 
the projections of the angular acceleration ¢ on the axes O§, On, OG. 
Then, by analogy with the expression for kinetic encrgy, 


oH he \ (@ X 7)? dm= Ap? + Bq?+ Cr2 


(A, B and C are the moments of inertia about the principal axes of inertia 
O§&, Oy, OF) we can write 


\ (8 x 7)2 dm== Ap? + Bq?+. Cr 


On the other hand, the kinetic moment G= | rxwvdm has the components 


ra Bq, Cr. For this reason, we finally obtain the following expression 
or 2U: 


QU == Ap? + Bq? + Cr2 +2 [(C—B) orp-+(A—C) rpqg+(B— A) pqr]-+... 
On the other hand, for the elementary work of external forces we have 
§A= Loo dt= [gp dt 4 Lyq dt-+ Ler dt 
Therefore, Appell’s equations yield Euler’s equations directly: 


dp 
A 1 (C—B) qr=L; 
B+ (AC) rp= Ly 
d 
C+ (B—A) pq= Le. 


* We get expressions for p, 9, r by projecting termwise on the coordi- 
nate axes the vector equation @=—@)-+09+ @% where Wy =y, wp = 0, 


+. 
** Here we take advantage of the familiar identity 
rx(oaxv)tax(uxr)tvx(rxa)=0 


the last term on the left is zero since zw—=ox~r. The nonwritten terms 
in formula (27) do not contain the angular acceleration &. 


0 —3420 


CHAPTER 2 


The Equations of Motion in a 
Potential Field 


11. Lagrange’s Equations for Potential Forces. 
The Generalized Potential. Nonnatural Systems 


Let the generalized forces Q; be potential, i.e. let there exist 
a force potential (potential energy) I] =T(¢t, ¢;) (see Sec. 8) and 


orl ; 
Di 5s: (i= 1,..., 7) (1) 
‘Then the Lagrange equations 
d oT oT 
ao, | Ot - = (i= 4, eee, n) 
are written in the form* 
dob OL ‘ 
— ———=(0) ixi1,...,27 2 
dt 09: 0q; ( ) ( ) 
where 
L=Tf—Il (3) 
The function Z is called the Lagrangian function or the kinetic 
potential. 


The kinetic potential Z, like the kinetic energy 7, is a quadra- 
tic function of the generalized velocities: 


L=L,41,+ Lp (4) 
where 
4 is « bly e 
ln=5 > CinQiqhs Ly= 9) igi, Ly =e (4’) 
i, kot i= 
oe the coefficients ¢;,, ci, Co are functions of the coordinates 
..+;Qn and the time ¢ (i, k=1, ,”). A comparison of the 
fonniils (3) and formula (0) on page 45 yields 
Lyg=T2, Ly=Ty, Lo=TMo—N (9) 
* Since the potential energy II does not depend on the generalized velo- 
cities, and L=7—Tl, it follows that ——=--- and Le ae eels i= 


aq; Ogi aq; Ogi Aq; 


Ay. easy: It) 2 
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Note that when the effective forces Fy=X,i-+Yyj-+ Zk 
(v=1,...,N) acting on the particles have a potential II (é, zy, 
Yy, Zy) in Cartesian coordinates zy, yy, 2) (v= 1, ..., N), ie. 


on ary on 

Xy= ar eee ON, Ly a (Was 45 43554V) 
these forces have a potential even in the independent coordinates 
qi(i=1,...,m) (the converse assertion in the general case is 
untrue !), and this potential is the same potential Il only expressed 


in terms of the coordinates q,, ...,q@, and the time ¢. Indeed, 
n N n 
all 
S} Oi6qi = Y) (Xv6zy-+ Yydyv+ 262) = — 6 == — iq 82! 
i= vat ix1 


whence equations (1) follow. 
Let us now consider the case when in place of the ordinary 


potential JI (t, q,) there exists a generalized potential V (E, qn, Ie) 
in terms of which the generalized forces Q; are expressed by 
means of the formulas 


dv ww 
Ca on (i=4,..,2) (6) 


will again be written in the form (2) where we now have 
b=T—V (7) 


From formulas (6) it follows that 


n 


O:= Sates) GH 4, 0) (8) 
h=t 29% 99k 


where (**) denotes the sum of the terms that do not contain genera- 


lized accelerations ga (A = 1, ..., 7). 

Inasmuch as in mechanics we consider only the case when the 
generalized forces Q; are not explicitly dependent on the general- 
ized accelerations but depend solely on the time, on the coordinates 
and on the generalized velocities 


Q; = Q; (f, Thy qn) (i=, Seca n) (9) 


it then follows according to formulas (8) that all partial second- 
order derivatives of V with respect to the generalized velocities must 


5 
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be identically equal to zero, i.e. the generalized potential V depends 
linearly on the generalized velocities: 


V= Jlg+N=V,4+0 (10) 
i= 


where II, (i = 1, ..., m) and ITI are functions of the coordinates 
G1, » ++) Qn and of the time ¢. But then, according to (7), Z will 
again be a quadratic function in the velocities g; and in place of 
equations (5) we will have* 

In=T >, [,==T,—Vi, Lyo=Ty)—U (41) 


Substituting expression (10) for V into formula (6), we get 
Qi= “(3 Thge +11] = 


n 
II an; II TT 
=—5-+) (San = aa) at ae oo 


The formulas (12) show that when the linear part V, of the 
generalized potential does not depend explicitly on the time 


[T= SO (iS 1 eas n) |. the generalized forces Q; are made up 


out of potential forces — 24 (i=1,...,m”) and gyroscopic forces 
Qi== Diving (=A, 2-2) (13) 

where 
au, al a 
Vik = — Yai = Ge — Bee (i, k=1, n) (13’) 


The importance of considering the generalized potential is evident 
from the following example. 


Example. A point electric charge in an electromagnetic field is acted 
upon by a Lorentz force 


F=e/e+2xH| (44) 


where uv is the velocity of the point, e is the charge, c is the speed of light, 
and E and H are the intensities of the electric and magnetic fields. The 


* The coefficients in the expressions for L and 7 are interrelated. Indeed, 
for the ordinary potential, ¢; = a;, while for the generalized potential c; = 
= a; — II; (¢ =1, ..., m). In both cases, ¢,, = ay, (i, = 1, ..., m), co = 
=1 a, -II, and Ly = fT, is a positive definite quadratic form. 
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vectors E and Hf are expressed in terms of the scalar potential @ and the 
vector potential A by means of the formulas* 


dA 


vr ; Hf =rot 4 (15) 


4 
E=—grad VS 


We shall find the generalized potential V for the Lorentz force F. 
From the formulas (14) and (15) we have 


aA 


é 
rT Seer as rot A)= 


F = —e grad q—— 


Snceored p— 2 44 £1000) A+vxX rot AJ= 


OF “ grad (v.A) (16) 


e 
= —e grad aor shar 


where the velocity v in the expression grad (vA) is considered a vector that 
is independent of a field point**, 

Hence, choosing for the independent coordinates Cartesian coordinates 
of the point z, y, z and setting 


V=eg—— (vA) (47) 
i.e. 
Vep—— (2Ay-+ yAy +242) 


we have 


* See, for example, L. D. Landau and E, M. Lifshits, Field Theory, 
Moscow-Leningrad, 1948, p. 55 (In Russian). 

** Here, for the expression (vV) A=, 4 vy 94 ty, a 

y yA 

advantage of the familiar formula of vector analysis (vV) A--vx rot A= 
= grad (vA), in which wv is regarded as a constant vector. We are readily 
convinced of the validity of this formula by comparing the projections on 
ne ne y-, and z-axis of the left and right sides of the equation. Indeed, 
or the z-axis, 


we. take 


aA aA aA 
Vy a * “vy ay ++ Dz a a 
te dA, _ OAx )—» (“a _ OA, m 
Y\ Ox dy : az Ox 
OAy OA, 0A, a 
= Ye ae 1M gg $M Ge ae WA) 


Analogous formulas hold for the projections on the y-axis and the zaxis. 


70 The Equations of Motion in a Potential Field [Ch. 2 


Similar formulas are found for F, and F,. Thus, the generalized poten- 
tial of the Lorentz force (14) is determined from the formula (17). For the 
Lagrangian function Z we have the expression 


L=T—V =-5 mot—ep + £ (vA) (48) 


Classical systems in which the forces have the ordinary potential 


Il (¢, gi) or the generalized potential V (t, q;, q;) will be called natu- 
ral. For such systems the Lagrangian function LZ is a quadratic 
function of the generalized velocities, i.e. it is given by the expre- 
ssion (4), where Ly, is a positive definite quadratic form in the gene- 
ralized velocities. 


As an example of a nonnatural system we can examine, in relativistic 


theory, the motion of a particle in the absence of a force field. The motion 
of such a particle is determined by the Lagrange equations in which 


2 1 
L=—me? (1—) iy 
c2 


where p2 = 2-1 y24 22, and c is the speed of light. Here, Z is no longer 
a quadratic function of the velocities z, y, z. 

1 
2 


2 
) in a power 


If in the expression for the function Z we expand (1 


: v , 55 ts 
series of = and reject all terms of second and higher orders in yr ie. set 


- 


v2 2 4. yp2 . 
(1-) am then we have the “classical” expression for the 


Lagrangian function for an isolated particle, namely: 


L= + mv2 + const 
In this and the following chapters we will confine our discussion 
to systems of the general type,* whose motion is determined by 
Lagrange’s equations (2) with an arbitrary function ZL = L (t, qi, qi). 
We shall only assume that the Hessian of the function Z with respect 
to the generalized velocities is not identically equal to zero;** 


det ( ee i +0 (19) 
Ogi 0p! i, k=1 


* Such propositions as hold onlyfor natural systems will be specially sti- 
pulated. 
2b ef 
9qi9d% aq:9q% 
hence, by what was proved in Sec. 7 (pages 46-47), inequality (19) holds 
true. 


** For natural systems, —= ai, (i, k=1,..., n) and 
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In expanded form, the equations (2) may be written as 


Sant (#8) =0 (20) 


where (#*) denotes the sum of the terms that do not contain the 
generalized accelerations q; (i = 1, ..., ). Insofar as the deter- 


minant of the system of linear (in qn) equations (20) is different 
from zero [see inequality (19)], it follows that the system (20) may 
be solved for the generalized accelerations and written in the form 


qi = Gi (ty Qn, qn) ae Pere) 


Therefore the conclusion drawn in Sec. 7 as to the unique determina- 
tion of the motion of a system by specification of the initial data 


g:, gi (i = 1, ..., m) holds not only for natural systems but also 
for systems of a more general type that are here under consideration. 


12. Canonical Equations of Hamilton 


Lagrange showed how the differential equations of motion of 
a system are written down if the kinetical potential (the Lagrangian 


function) L =L (t, qi, qi) is known. 


We will call the variables t, q;, qj (i = 1,..., ”), in terms of 
which the Lagrangian function is expressed, Lagrangian variables. 
The system of these variables characterizes the instant of time 
and the corresponding state of the system, i.e. the position of the 
system and the velocities of its particles. As has already beeu noted 
at the end of the preceding section, specification of the Lagrangian 
function and the initial state uniquely determines the motion of the 
system. 

For the basic variables that characterize the state of a system, 
Hamilton proposed the quantities t, qg;, pi (i = 1, ...-, ”), where 
pi(i=1,..., n) are the generalized momenta defined by the 
equalities 

pe octet) (1) 
dq; 

We shall call the variables t, g;, p; (ij = 4, ..., n) Hamiltonian 


variables. 
Since the Jacobian of the right sides of equations (1) with 


respect to the variables a: is the Hessian (different from zero) of the 
function LZ [see the condition (19) on page 70], it follows that 
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equations (1) may be solved for g; (i = 1, ..., n): 
G1=, (t, Qa, Pa) (b= 41, - 6, 2) (2) 


Thus, Hamilton’s variables may be expressed in terms of the 
Lagrange variables and vice versa, and the state of the system may 
be described both as a system of values of the Lagrange variables 
and as a system of values of Hamiltonian variables. 

In the case of a natural system, Z is a quadratic function (see 
pages 66-68) of the generalized velocities and, according to equa- 
tions (1), the generalized momenta are linearly expressed in terms 
of the generalized velocities: 


P= ainda ter i= 4, (oak) (3) 


Solving this set of linear equations for q*, we again get linear 


expressions for q;: 
“ n 
a= 2 binPrth; (t=1, .--, %), (4) 


where 0;, and 6; are functions of t, qy, ..-+) Qn- 

If in a natural system the forces Q; (i =1, ..., 7) have an ordi- 
nary potential Ii(¢, q;), it follows from the equation L=7—II 
that** 

6) 
mele (5) 


It will be noted that any function of Lagrangian variables 
F=F (t, diy 41) 


after substitution of the expressions (2) or (4) into it in place of 
the generalized velocities qi: is converted into a certain function 
F (t, gi. Pi) of the Hamiltonian variables. We shall call the 
function F (t, 9i,; Pi) the associated expression of the function 


F (t, dis qi)- 


* As was established in Sec.7, det (a;,) ,1 #9. 
** Formulas (5) do not hold for forces that have a generalized potential. 
In this case [seo equations (7) and (10) on pp. 67-68] 
oT 
Pei eae oH) > (ted; ssag B), 
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Example. For a free particle the Cartesian coordinates z, y, z are inde- 
pe and in the potential field I1—I(t, z, y, 2) the Lagrangian function 
as the form 
L=+ m (22-4 y2+22)——I (t, x, y, 2) 
To the Cartesian coordinates there correspond the momenta 


ob e e e 
° = md, Py=my, Pz>= mz (6) 
Ox 


Px = 


If from this we determine z, y, z and put the expressions obtained into L, 
we will have the associated expression for L: 


oc (Ph Ph + PHM (t, 2, uy, 2) (1) 


If in place of I(t, z, y, z) we have the generalized potential 
V=Tyr-+ Moy -+ Mge-+ HL, 


where If,, QW, IIg, and Wf are functions of t, z, y, and z, then from the 
equation 


in 


Lam (2-4 242) —Ms— Ty Tye 
we find 
OL ° : . , 
eo oe a Py=my— Ile, pz=mz—II3 (6’) 
Zz 


and the associated expression Z has the form 
—- 1 1 , 
b= (Pat Py + Pe) (+ 1 + 13) — (7’) 


Hamilton introduced the function H (t, q:;, p;) defined by the 
equation 


H= >) Pid = i, (8) 


and demonstrated that with the aid of this function the equations 
of motion may be written in the form of the following system of 2” 
ordinary differential equations of the first order: 

dgj OH dpi OH ,, _ 

dt ~ dp;’ ‘dt ba; 4 ees N) (9) 
These equations are called canonical equations or Hamilton's equa- 
tions*. The function A (é, q;, p;) defined by equation (8) is called 
the Hamiltonian function. 


* These equations were first obtained in general form hy W. R. Hamilton 
in 1834, 
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The derivation of the canonical equations of Hamilton will rest 
on the following mathematical theorem. 

Donkin’s theorem.* Given a certain function X (a, ..., 2p) 
the Hessian of which is different from zero: 

AX \n 
det (sera )i, ner 9 oe) 

Let there also be a transformation of the variables “generated” 

by the function X (7, ..., Zn): 


ax, 
=a, (§S1,.0eN) (41) 
Then there exists a transformation, the inverse of the transfor- 
mation (41), which likewise generates some function Y (y,, ..., Yn): 
oY ,, 
a= > (i= 41, ...,n) (12) 


Here, the generating function Y of the inverse transformation is 
connected with the generating function X of the direct transfor- 
mation by the formula** 


Y = pai riyi— X (13) 
— 

If the function X contains the parameters a, ...,Qm, i.e. 
X = X (X44, ..., Ln} 1, -.., Am), then Y also contains these para- 
meters, i.e. Y=Y (yy, ..-, Yn} Gy, »--, Am), and 

oY ox ., 


Proof. The Hessian of the function X coincides with the Jaco- 
bian of the right-hand sides of equations (41). For this reason, 
the condition (10) shows that using equations (11) it is possible 


to express the variables z,, ..., a» in terms of y%, ..., Yn! 
ti= Fi (Ys «- +s Yn) (i=1, ..., 7) (15) 
Let the function Y (y,, ..., yn) be-defined by the formula (43), 


in which the variables zx; are replaced by the expressions (15). 
Then 


nr 


nr n 
) azp, OX Ox, 
ida (os te X) = Stat a ae a 
k= h=1 h==t 


* Philosoph. Trans., 1854. The transition from the variables z; to the 
variables y; (i = 1, ..., ”) which is dealt with in Donkin’s theorem, is fre- 
quently called a Legendre transformation. 

** It is assumed that on the left-hand side of (13) all the z; are expressed in 
terms of y;, that is that Y= Y(y1, ..., yp). 
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But, by equations (11), the two sums on the right-hand side of 
this equation cancel and hence, the formulas (12) hold true. 
Now let X contain parameters a1, ..., @m in addition to the 
variables z,, ..., z,. Then these parameters occur in the direct 
transformation (11) and, consequently, in the reverse one as well: 


Hi = fi (Yay ++ Yrs Oty -- +, Am) (E= 4, .-., 2) 
The function Y is determined by equation (13) in which the z; 
are replaced by fi (yi, ..-) Yn} Qy, ---) @n) and so* 
n 
oY 0 
tar aj (Dy te -X) = 
d oe 
= way OX O02; OX ax 
~y# ate aa ay 
ix1 i=1 
(Pde. akg) 


This completes the proof of Donkin’s theorem. 

We utilize Donkin’s theorem to make the transition from the 
Lagrangian variables to the Hamiltonian variables by replacing 
in the theorem the function X by JL, the variables x, ..., 2, 


by, i, -- + dn, the parameters Q, ...,Q@m by 44, ---;4n and f, the 
variables y,,...,Yn by pi,-.-,Pn and finally (taking account of the foot- 


ax 


note 2 on page 74), the function Y= > zyi—X by H= > PiQi— in 
Then, by Donkin’ s theorem [the Hessian of the funetion L with 
respect to the q; (i=1,...,”) is not zero!}] it follows from for- 
mulas (1) that 
oH ob __ at 
— Opp? OGG; 
aL oH ; 
See oo 


The equations (16) and (17) are identities resulting from the 
relation (1) between generalized velocities and generalized momenta. 
But the Lagrange equations may, by virtue of (1), be written as 
follows: 


(1s aoe) (16) 


dp; ob 
“dt da; a=, aaeg tl) (18) 


coches! GO abs 
* In computing the derivative ae the quantities y,,..., yn are regarded 
j 


as constants, 
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It is these equations together with the equations (16) that lead 
us to the canonical equations of Hamilton: 


dqj OH api On a i, 
“dt Op;’ dt OOy. G=41,.230pN) (19) 


In addition to the Hamilton equations we obtained the iden- 


tity (17) which will be utilized in the sequel: 
From equations m9) there follows the identity 


dH 0H aq: OH dpi __ OH 
ad. 3 (sn ‘dt ' Op; dt By +S tC (20) 
isi 
We shall call a system generalized-conservative if the Hamilto- 
nian function H does not explicitly depend on ¢, i.e. if 


H= Hq, Pi) 
In this case oF 0 and, consequently, by virtue of identity (20), 
a =0, i.e. when the system is in motion 


H (qi, pi) =const=h (21) 


where fh is an arbitrary constant. We shall call the function H 
the generalized total energy, and the relation (21) which does not 


contain g or p and includes an arbitrary constant h, the genera- 
lized integral of energy. 

We will explain this terminology by examining a natural system. 
Then Z is a quadratic function [see equation (4), Sec. 11] 


L=I_+L,+ Lp 


and 
n ~ n mr, 
ry ~ oL.* -~ 

H=>\pq—-L=)) ~a—L= 

i=1 , i141 Oqi 

dLe* dL. 

-3% —= ate ead Feed Bay DPBS Be 

ixt im1 4 


But by Euler’s rene on homogeneous functions,** 


nr n 


OL OL 
S) Sah, Sah (22) 
iat 94: t= 1 4 


* From (17) it also follows that 0 for a generalized-conservative 


system, i.e. ¢ does not appear explicitly in the Lagrangian function ZL either. 
** See footnote on page 49 
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Therefore, for an arbitrary natural system we finally get 


H = L.,—Lp (23) 
Let T=7,1+7,+To. If the forces have the ordinary potential 
[I=: I] (t, qi) or the generalized potential V=V,+ Ii, then L,=T», 
L,=T,)-—ITl, and therefore 


H=T,—T,+0 (24) 
If the system is scleronomic, then T=T.), T)=-0, and so 
H=T+0 (25) 


Thus, for a scleronomic natural system the Hamiltonian function 
Hi is the total energy* expressed in terms of Hamiltonian variables. 
Now let us consider a conservative system, i.e. a natural sclerono- 
mic holonomic system with an ordinary force potential that is 
not dependent explicitly on the time. 
In this case the time ¢ does not enter into expression (25) explicitly 
for the total energy A and so, according to (21), we have the law 


of conservation of energy 
r+il=h (26) 


A conservative system is a special case of a generalized-conser- 
vative system, and in this special case the generalized integral 
of energy becomes an ordinary integral. 

If the system is scleronomic and the forces have a generalized 
potential V=V,+ U in which II does not depend explicitly on the 


time ¢ ee = 0) , then the function A is again determined by the 


formula (25) and does not depend explicitly on t. For this reason, 
in this case too the system is a generalized-conservative system, 
and the energy integral (26) holds.* 


Example. A horizontal rack is in rotation about a vertical axis, and a 
weight of mass m is in motion along the rack. The force acting on the weight 
has the potential II (r), where r is the distance of the weight from the axis of 
rotation. 

Denote by g the angle of rotation of the rack and by J = md? its moment 
of inertia about the vertical axis of rotation. Then r and @ are independent 
coordinates of the system and 


Pa -5 1Gh Lm (724 1292) Em [P24 (24 a2) Ge 
From this 
ar ar ; 
Prat mr, pp= =m (2+ 2) G 
or ag 


_ * Given a generalized potential V = V, +II, we continue to call the quan- 
tity T + TI (and not T + V) the total energy. 
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Since the system is conservative, it follows that 
2 


1 P 
#=TSN=>— (?3+-ear + Wf (r) 


The canonical equations in the given case have the form 


OP AV PG 
dt  m’ dt m(r24-d2) ’ 
dp, "PD dpe = 


= —II’ (r), 0, 


dt om (r2 4. d2)2 


and the energy integral is written as 
3 


P 
Pet say ge + 2mil (r)=hy (hy =2mh) 


dt 


13. Routh’s Equations 


For the basic variables characterizing the state of a system at 
a time t, Routh proposed taking part of the Lagrangian variables 
and part of the Hamiltonian variables. The Routh variables are 
the quantities 


t, Gir Qa, Vir Pa (i= 1,...,m; a=m-+-1,...,n) (1) 
where m is an arbitrary fixed number less than n. 
In order to pass from the Lagrangian variables to these variab- 


les, we have to express all the gq, in terms of py (a=m-+14,...,n), 
utilizing the relations 
Pa=— (@=m--4, ...,n) (2) 
O49 

Suppose that the Hessian of the function Z of the generalized 

velocities qq (the “smal! Hessian”) is different from zero:* 
det ( = \" #0 (3) 

O4a,99g /a, B=m+1 


* In the general case this inequality does not follow from the inequa- 
lity (19) on page 70 but is an auxiliary condition. Now for a natural sys- 
nr 


1 * % 
tem, the inequality (3) follows from the fact that ln=9 > GrsGygs iS a 


tT, s=i 
positive definite quadratic form. In this case, the principal minor compo- 
sed of coefficients of the quadratic form: 


O27, n * 
det ( - 8 ) = det (408) pm41 
040.098 4a, p=m+1 


must be positive. 
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Then, applying the Donkin theorem that was proved in the pre- 
ceding section, we get a transformation that is inverse to the 
transformation (2), namely 


qa =F (a=m-+4,..., n), (4) 


where R= A(t, gis da; qi, Pa) is the Routh function defined by 
the equation 


nN “« 
R=  poqa—L; (5) 
a=m+1 
the sign~ signifying here that all the Qa are expressed in terms 
of Da. 
The variables ¢t, 9g;, qo, qi (t=1,..., m a=mti1,..., n) 
are now regarded as parameters and for this reason, by virtue of 
the same Donkin theorem, 


OR F) Ly, 
oR fe, a i=, ee, ™), (6) 
é dq; 04; 
OR aL 
Bao age (a=m-t4,..., n), (7) 
aR aL 
> eae (8) 


Lagrange’s equations of the coordinates g; may be rewritten, in 
accord with the equations (6), as 


~*~ =0 (i=1, ..., m) (9) 


Lagrange’s equations of the coordinates qq 


dpa OL _ 
dt — Fae (a=m--4, sey n) 


together with the formulas (4) and (7) yield 


dq, OR dDa 
dt 0p,’ at 


Equations (9) and (10) 


=-= (a=m-+44,..., n) (10) 


Ge ee, tae ee 

d . OR d OR (14) 
SEO SOP 2 2 SON, — 

i aes ae ee (a=m+i41,..., 7) 
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form a set of Routh equations. They consist of m second-order 
differential equations of the Lagrange type and 2 (n — m) first- 
order differential equations of the Hamiltonian type; and the 
.Routh functions in the first equations play the role of the Lagrangian 
function, while those in the latter equations play the role of the 
Hamiltonian function.* 


14. Cyclic Coordinates 
The coordinate ga is called cyclic (ignorable) if it does not enter 
the Lagrangian function LZ explicitly, i.e. if 3 =0. 
a 


When deriving the Hamilton and the Routh equations the follo- 
wing equalities were established: 


a ee ee 1 
09a, 04a 09¢, ( ) 
From these equations it follows that the partial derivatives ar 
104 
0 R : : , 
un and “ can only vanish simultaneously. For this reason, 
04 


104 
the cyclic coordinate may also be defized as a coordinate that 
does not appear in the Hamiltonian function AH or the Routh 
function R explicitly. All these definitions are equivalent. 

The generalized momentum that corresponds to the cyclic coor- 
dinate g, maintains a constant value during motion. Indeed, from 
the canonical equations it follows that 

dpa 0 
rs 04a, =0 


i.e. Dg =const = cg. 

Now suppose that we have r =n —m cyclic coordinates gg 
(a =m-+14,..., n). The cyclic coordinates g, do not enter into 
H explicitly while the momenta p, corresponding to these coordinates 
can be replaced by the constants c,. Then** 


H=H (t, dis Pir Ca) (2) 


Let us write down the canonical equations for non-cyclic coor- 
dinates: 


dt Op; ’ dt OQ; 


* If we wish to retain the connection between the generalized momenta 
and the Lagrangian function, we must take it that in the first equations 
of (44) the role of the Lagrangian function is played by the function —R, 


dq __ 0H apy ot. (i=, ..., m) (3) 


a = 
since, according to (6), pee a ee. (eat, tacagsait); 
0g: qj . 
** The index i runs through the valucs 1, ..., m, while the index o@ runs 


through m+ 1,..., m. 
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From the structure (2) of the function AH it follows that equations 
(3) form a system of 2m first-order differential equations in 2m 
unknown functions q;, p; (i = 1, ..., m). Integrating this system 
we find 


qi =i (é, Car Ci, ci), 
(eer m), (4) 


Pi=Pilt, Ca, Cis Ci) 


where c;, ci (i =14,..., m) are 2m new arbitrary constants. By 
substituting expressions (4) into H we can determine the gq, from 
the equations 


dq, OH , | 
ap Ge (a=m-+1,..., n) (9) 


by quadratures 
aH ; 
qa= | Fer dt +c (a=m+t,..., 2) (6) 


Thus, essentially the whole question reduced to integrating the 
system (3) whose order, 2m, is less than the order of the initial 
system, 2n, by 2r units, where r = n — m is the number of cyclic 
coordinates, i.e. the presence of r cyclic coordinates made it possible 
to lower the order of the system by 2r units. 

The system of equations (8) is Hamiltonian. We shall show that 
with the aid of the Routh equations it is possible to obtain an auto- 
nomous* system of m second-order differential equations of the 
Lagrangian type. Indeed, by replacing the generalized momenta 
Pa, Which correspond to the cyclic coordinates gq, , by the constants 
Ce (w= m-+-4, ..., n), we can write the Routh function as a function 


of ft, gi, gj and ¢, (i= 1, ...,m; a=m-+1,..., n): 


R=R (t, dis Wis Ca) (7) 
Then the Routh equations for non-cyclic coordinates 
d OR OR F 
a5, Oa (= 4, aoe m) (8) 


form the desired autonomous system, while the cyclic coordinates 
Ya are determined from the appropriate Routh equations (14) of 
the preceding section by means of quadratures: 


OR , 
qu== | 3 dt+¢ (9) 


* Here, by an autonomous system is meant a system of differential equations 
that contains no “superfluous” unknown functions which should have been de- 
termined prior to integration of the given system of equations. 


6—3420 
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Here, first all the g; and 0: in oe are replaced by the functions of 
a 


2m+41 arguments t, c; and cj (i=1,..., m), which functions are 
obtained by integrating the system (8). 


Example. In the example considered at the end of Sec. 12, 


Lf —T => m[r2+ (r2 44%) g2]—T1 (7 


@p is a cyclic coordinate, and 
Po =m (r2-+-d2) = const = cy 
We form the Routh function 


R= pgp—L 5m [724 (rf a2) p2] + 


(hte Po 
+I (7) = =~" ir +35 Lg TEM= 


— 1 fi eek IL 
Sg om ar tO 


Determining the motion reduces to integrating one second-order diffee 
rential equation 


# OR OR _g 
dt ar or : 
which in expanded form reads 
ce 
“-_ *@ Tt , 
oa es (Fepasp Il’ (r) 


It will be noted that this is an equation of the relative motion of a 
weight along a rack, since the right-hand side involves the centrifugal 


force 
m (r2-+- d2)2 


Cyclic coordinates are sometimes called ignorable or kinosthenic 
coordinates. This name stems from the fact that in integrating 
the system of equations (3) or (8), we ignore the existence of the 
cyclic coordinates, regarding the p, as constant parameters. 

In the example we have examined, ignoring the cyclic coordinate 
led to ignoring the rotational motion of the rack and we obtained 
a differential equation for the relative motion along the rack. 

The actual name “cyclic coordinate” is associated with the fact 
that in many problems in mechanics the angle @ which describes 
motion in closed trajectories (cycles) does not enter the expression 
for L explicitly and for this reason is a cyclic coordinate. 


= mrg2 (Cp = Pg) 
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We note a certain analogy between a holonomic system having 
a cyclic coordinate and a generalized-conservative system. For 


0 
the former system, - = 0, for the latter, = = (0. For the former, 
a 


we have the integral p, = const, for the latter, H = const. The 
roots of this analogy will be revealed later on when we consider 
the principal integral invariant of mechanics. 

A more profound investigation of the motion of systems with 
cyclic coordinates will be carried out in Chapter 7. 


15. The Poisson Bracket 
In this section we consider some properties of integrals of a Hamil- 
tonian system of equations of motion. 


A certain function f (¢, 9;, p;) is called the integral of the equa- 
tions of motion 


—-— 


Re pr ae = Ser (a eee) (1) 


if for any motion of the given system this function retains a con- 
stant value c:* 


f(t, Gi, pi) =e (2) 


Sometimes the relation (2) itself is called the integral. 
For a generalized-conservative system the function H (q;, p;) is 


the integral. If the g, are cyclic coordinates, then p, will be the 
integral. 


Obviously, if the functions f,, ..., f; are integrals of the equa- 
tions of motion, then an arbitrary function of these integrals 


F (ft, «+ fr) 


will also be an integral. Henceforward we shall therefore be interested 
only in independent integrals. 


If the “complete” system of integrals consisting of 2n independent 


integrals fi, ..., fen (mn is the number of degrees of freedom of 
the system) is known, then, solving the relations 
fr(t, Qi, Pi)=cn (K=14, ..., 2n) (3) 


for g; and p;, we get the final equations of motion 
gi = Qi (t, C4, ee ey Cen), Di =v; (t, C4; eee, Con), (4) 


which contain 2n arbitrary constants c, ..., Con. 


* This value of ¢ may change when we pass from one motion of the system 
to another. 


6% 
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Thus, if 2n independent integrals are known, then all the motions 
of the system are known. If we know 2? independent integrals 
fi, - +--+, fi, where 1 < 2n, then we have only a partial idea of the 
motions of the system, and the greater 7 is, the more exhaustive 
our conception is. We are therefore always interested in finding 
the greatest possible number of independent integrals. 

We shall familiarize ourselves here with the method of finding the 
integrals of the equations of motion proposed by Poisson and Jacobi. 

Let f (¢, 9;, pi) be the integral of the equations (1). Then substitut- 
ing any solution of the Hamiltonian system (1) in place of q;, p; 
(j= 1, ..., n), the function f is converted into a constant c, i.e. 
in accord with equations (1) 


df af , wv (Of OH af OH) | 
ae ae +2 (Gee ter tor an) =O 6) 
= 
Poisson introduced a special term, the Poisson bracket, for the 
following expression composed of the partial derivatives of two 
arbitrary functions @ (¢, 9;. pi) and 1 (¢, 4:, pi): 
nr 
a OD Os 500 
(P¥) = 21 ( Ogi Opi Opi «8: (6) 
By means of the Poisson bracket, equation (5)—the necessary 
and sufficient condition for the function f(t, 9:, p;) to be the 
integral of the equations (1)—is written as follows: 


Of 
ot 4 (fH) =0 (7) 


We note the following properties of the Poisson bracket; 

For any functions g (t, Gis Pi), w (Et, Gis Pi), x(t, qi, Di): 

1°. (pp) = — (hp); 

2°. (cpp) =e (pp) (e is a constant); 

3°. (p++ Wx) = (Px) + (HX) 

4°. (Cow) %) + (bX) Q) + (9) 8) = 0; 

0 P 

5°. 5 (ov) =(G¥) +(e a) 

The identities 1°, 2°, 3°, 5° are obtained directly from the defini- 
tion (6) of the Poisson bracket. 

Identity 4°, which is called Poisson’s identity, is established by 
means of special reasoning. Let X and Y be differential operators 
of the first order on the function f (2%, ..., tm): 


m m 
af _ af 
Xf= JU, va 2 Vege (8) 
k= 1 = 
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where X,, Y, (k=1,..., m) are functions of the variables 
X14, ++., Lm. Then the “commutator” Z=XY—YX will also be a 
first-order operator:* 
m af 
Zf=X(Yf)—Y¥ (Xf)= Dy (X (Va) —Y (XG (9) 
h==i 


Let us return to the Poisson bracket (pf). It may be regarded 
as the result of applying a linear operator M of the form (8) to 


the function f of the variables g;, pj (i= 1,..., n): 
_ = . op Of dp Of 
OPA 2 aa, ear 8a ap (10) 


t=1 


This first-order differential operator is fully determined by the 
function @. Analogous operators ¥, X are determined by the functi- 
ons and y. 

Let us now undertake directly to establish the Poisson identity 4°. 
After removing the complex brackets, any term on the left-hand 
side of 4° will contain as a factor a second-order partial derivative 
of one of the functions o, }, xy. But ((g) x) does not contain 
second-order partial derivatives of y, and the sum 


(HX) P) + ((X@) P) == (* (MX)) — ( (Hy) = (FO — OF), 


is a first-order differential operator relative to y. Thus, the left- 
hand side of the Poisson identity does not involve second-order 
partial derivatives of y, and hence, by virtue of symmetry, there 
are no second-order partial derivatives of p and wp. In other words, 
all the terms on the left-hand side of 4° cancel, which is what we 
sought to prove. 

Let us now prove the basic theorem. 

Jacobi-Poisson Theorem. Jf f and g are integrals of equations 
of motion, then (fg) is also an integral of these equations. 

Proof. Tt is required to prove that for the function (fg) the 
relation (7) holds: 


6) 
48) 4. (fg) H) =0 (14) 
when the same relation holds for each of the functions f, g: 
Ft fH) =0, 2 +(gH) =0 (12) 


* Direct calculations show that on the right-hand side of (9) all terms in- 
volving second-order partial derivatives of the function f cancel. 
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Indeed, by 5° 

é 7) 7) . 

$y (fe) = (SF e) + (fF) =) )- (€) = (Hf) 2) + (8) 
Therefore, using the Poisson identity, we get 


2118) +. (fg) H) = ((fe) H) + (eH) f) + (Hf) @) =0 


thus completing the proof. 

The theorem just proved yields an automatic rule that permits 
obtaining a third integral from the two integrals f (t, q;, pi); 
g(t, qi, pi) by means of algebraic operations and differentiation: 


n 
Of og of og 
(fg) = a ( 0g; Opi Opi 99; ) 

Taking the Poisson bracket of, for example, f and (f g), we again 
get an integral, and so forth. However, it should not be forgotten 
that the new integral may prove to be either identically zero or 
a function of earlier known integrals. Thus, only by special choice 
of the independent integrals f,, ..., f; (J < 2n) can we be sure 
that it is possible to obtain, by means of the Poisson bracket, the 
integrals f;4,;, ..., fe, that are lacking when we want a complete 
System. 


By way of illustration* let us consider the integrals of momenta and 
oA id Momenta for a system of free particles that is isolated from exter- 
na 


actions:** 
P= >) Px, Po= >) Py Pie= >) Pr 
My = >) Mx = > (yPz—2Py), M,= > my = >) (2px,~-Zpz), 


M,= b? mz = BS (tPpy—YPx), 
where 


Px=Mmar, Py=my, Ppr= ms 


The functions P,, Py, Pz, Mx, M,, M, are integrals, i.e, the “conser- 
vation integrals” 
Py=Cy, Py=Co, P,=¢3, (13) 
My = ¢., M,, = 5, M,= Cg, 
hold if the system is isolated. However, in the presence of an external 
force field witl principal vector R(X, Y, Z) and principal moment 


* See Landau, L., Pyatigorsky, L. Mechanics, Moscow-Leningrad, 1940, p, 104 
(in Russian). 

** In this example the summation is taken over all the particles of the 
System, 
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Eo (Ly, Ly, Lz) any of these integrals occurs if the corresponding one of 
the quantities X, Y, Z, Ly, Ly, Lz is equal to zero. 
Form the Poisson bracket for the quantities relating to a single particle: 


ODx Omy 
(Px Py) = 9, (Pxmy) = — Opy Oz = Pz, 
dmx dmy dm, omy 
Mae Ops Op, ae 


It will be noted that the Poisson bracket, in which one quantity (p or m) 
refers to one particle, and the other to another particle, is always zero; 
for this reason, 


(P,Py)= > (PxPy) =0, 
(P.M y) = >) (Pxmmy) = Ds Pz=P2, (14’) 
(M,M,)= >' (mymy) = > m,=M, 
Cyclic permutation of the letters z, y, z yields similar relations: 
(Py P,)=0, (P,P,)=0, 
(PyM;) = Py, (Pz2Mx\= Py, (14”) 
(M,M,)=M;, (M,M;)= My 


The six laws of conservation (13) are not independent. It follows from the 
relations (14’) and (14”) that if we have the integrals 


Py=cy, My=cy, My= cs (15) 
then we also have the integrals 
Py=ce, P,=C3, M,= ce (16) 


This is all true, of course, of a potential field of force. In a nonpoten- 
tial force field, 


X=0, Ly=0, Ly=0 (17) 
do not yield the equations 
Y=0, Z=0, L,=0* (18) 


* The conservation integrals (45) hold only if equations (17) are satisfied. 
Similarly, integrals (16) hold only if we have the equations (418). 


CHAPTER 3 


Variational Principles and Integral 
Invariants 


16. Hamilton’s Principle 


We consider an arbitrary holonomie system with independent 


coordinates g,, ...,; 4, and the Lagrangian function L (é, q, qi). 
The integral 
ty 
W = \ Ldt (1) 


to 


is called the action (in Hamilton’s sense) during a time interval 
(t, t,) and the expression Ldt is the elementary action*. 


Since the function L is of the form L = L (t, q;, q;), it is neces- 

sary, in order to compute the action (1), to specify the functions 

qi = q(t) (i =1,..., n) in the time 

€ M, interval tg) <t<%,. In other words, the 

action W is a functional dependent on 
the motion of the system. 

If we arbitrarily specify the functions 
qi = q (t) (i= 1, ..., n), then we get 
a certain kinematically possible motion 
(that is, motion admissible by the const- 
raints). In the extended (n + 1)-dimen- 
sional coordinate space, where the quan- 
tities gq; and the time ¢ are the coordi- 
nates, this motion is depicted by some 
q curve. We shall consider all possible such 

curves, or “paths”, passing through two 

Fig. 29 specified points of space My (to, qi) and 

M, (t1, q}) (see Fig. 29 for nm = 2), i.e. all possible motions that 

translate the system from a given initial position (g%), which it 

occupied at time ¢), to a given final position (g}), which it occupies 

at time ¢, Here, from the start we fix the initial and terminal 

instants of time ¢ 9 and ¢,, and the initial and terminal positions 
of the system. The motions are otherwise arbitrary. 


* For natural systems, £ = 7 — II has the dimensions of energy. There- 
fore the dimensions of action are energy xX time = force X length X time. 
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If the system is natural and constrained, then the motions discus- 
sed here are subjected to only one restriction: during motion of 
the system the constraints imposed on particles of the system must 
not be violated. This condition is fulfilled automatically when we 
pede the motion in independent coordinates, assuming 9g; = 4; (?) 
G@=1,..., n). 

Suppose that among the paths considered there is a so-called 
“straight” path, i.e. one along which the system can move for a 
specified function Z (i.e. in a given field of force). For a straight 


path the functions qg; = q; (t) (i =41, ..., n) satisfy the Lagrange 
equations 
ad OL OL 
: 0a fc Cee (2) 
dt aq; 04g; ( 


All the other paths passing through the points M, and M, will 
be called “circuitous’ paths. (In Fig. 29, the straight-line path 
is depicted by a solid line, the circuitous paths by dashed lines.) 
We shall prove that the action W has an extremal (more precisely, 
stationary) value for the straight path as compared with the circui- 
tous paths. Therein lies Hamilton's principle.* 
Let us consider an arbitrary one-parameter family of paths 


Gix=q(t, 4) (go<t<ty; 
—y<a<y;, i=li,..., n) 


containing, at a=0, a given straight path; for «40 the paths 
are circuitous. Let all these paths have a common origin M,) and 
a common terminal point M;,: 


Qi (to, &) =i, Gills, *) = 4 
(—y<a<y; ix14,..., n) 


The action W as computed along a path belonging to this family 
is a function of the parameter a 


ty 
W(a)=( Lit, alt, @, alt, alae 


to 


* This principle is given in the works of W. Hamilton published in 1834- 
1835. Hamilton proceeded from the assumption that the initial system was 
scleronomic (he proceeded from the concept of kinetic energy 7 as a quadratic 
form of the generalized velocities). This principle was formulated and substan- 
tiated for the general case of nonstationary constraints by M. V. Ostrogradsky 
in 1848. For this reason, the principle is sometimes called the Hamilton-Ostro- 
gradsky principle. 
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We compute the variation of the action W, i.e. the differential 
with respect to a: 


ty ti on 
OL OL: 3" 
aw = | éLat=\ D\ (Fda on qi) dt = 
to vice qi 
17 
OD ats aL od (OL 
= > —— 6a], + Sar ae a) bai at = 
<7 0g; to - a ( 0g; dt aq; 
t 
_(S\(2h_ 4 a)s » 3 
=) Oia ar (3) 
to i=1 Gi 


Here, we transformed the integral by means of integration by 
parts, making use of the commutability of the operation of varia- 
tion 6 and the operation of differentiation with respect to the 
d 
time ar A 

. d 06d 
dq; = 6-7- qi (t, O)= 35 a qi (t, @) ba = 


d a) d 
ir lta WU a) ba] = Fp ba 


The straight path and all the circuitous paths pass through a fixed 
initial point and a fixed terminal point in extended coordinate 
space. Therefore, at ¢ = ¢ and at ¢ = ?, the variations 6q; = 0 
and the integrated part vanishes. 

From equation (3) it is seen that for the straight path, i.e. for 
a = Q, the “expression under the sign of the transformed integral 
is zero by virtue of Lagrange equations. And so 


for the straight path 6W=0 (4) 


This is the mathematical expression of Hamilton’s principle. 
The converse proposition is valid as well: if for some path dbW = 0, 
then the path is straight. Indeed, because of the arbitrary ature 
of the variations 5g; (i =1, ..., m) (at the ends they are zero, 
while at the remaining points of the path they are quite arbitrary) 
there follow from the condition 6W = 0, by virtue of the equation 
(3), the equations (2), i.e. the Lagrange equations for a straight path. 
Since from the Hamilton principle there follow the Lagrange 
equations in independent coordinates (and vice versa), Hamilton’s 


principle may be placed at the foundation of the dynamics of 
holonomic systems. * 


* The statement of the Hamilton principle given above presumes (in the 
case of a natural system) the existence of a potential of force. The more general 
formulation of the principle, which embraces the case of nonpotential forces 
as well, will be given below [formula (9) on page 93]. 


Sec. 16] Hamilton's Principle 91 


The straight-line paths, i.e. the “true” motions for a given func- 
tion Z, may be characterized both by means of the differential 
equations of motion in the Lagrangian form and also by means 
of the variational principle of Hamilton. However, there is one 
fundamental difference between the differential equations of motion 
and the variational principles. 

The differential equations of motion express a certain relation 
between the instant of time ¢, the position of the system, and the 
velocities and accelerations of its points at that time. If this rela- 
tion holds at each point of some path, then the path is a straight 
line. The variational principle characterizes the entire straight 
path as a whole. It formulates the extremal (stationary) property 
of a certain functional, which property distinguishes the straight- 
line path from among other kinematically possible paths. The 
variational principle has a more surveyable and compact form and 
is frequently used as a foundation for new (nonclassical) domains 
of mechanics. 

Note. The differential equations (2) are necessary and sufficient 
conditions for the first variation 6W, where the integral W has the 
form (1), to be equal to zero. In the calculus of variations the equa- 
tions (2) are called the differential equations of Euler for the varia- 
tional problem 

L 


é \ L(t, qi, 91) dt = 
to 
Lagrange’s equations in independent coordinates were utilized 
to substantiate Hamilton’s principle. But the equations themselves, 
in the case of a natural system, were obtained from the general 
equation of dynamics 
N ee 
Ds (Fy—myPry) éry=0 (5) 
v= 1 
We shall show how Hamilton’s principle can besubstantiated directly 
by means of the general equation of dynamics (5). Then Lagrange’s 
equations are obtainable directly from Hamilton's principle. 
If in the expressions for 7, 


Ty=P7y(t, 2) (v==4,..., N) 
we put in place of q; the functions q;(¢, a), then 7, will become 


a complex function of ¢ and a. We differentiate it with respect 
to a, i.e. we compute the variations 


-5 a bq) (v4, .... N) (6) 
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These formulas coincide with the formulas (8) on page 37, which 
determine the virtual displacements of points of a holonomic system. 
Thus, the variations of the radii vectors for any ¢ are virtual 
displacements of the points of the system. 

It is possible to convince oneself of this without resorting to 
formula (6) but by proceeding solely from the definition of a varia-~ 
tion and of virtual displacement. Indeed, the variation 6r, = a da 
is an infinitesima! displacement of a point of the system P., which 
transfers the point of the trajectory produced for a certain fixed 
value of a (for a straight-line path a = 0), to the point of an adjacent 


Fig. 30. 


trajectory which corresponds to the parameter a + da (Fig. 30). 
Here, both points are taken for one and the same instant of time ?, 
since in differentiation with respect to a the value of ¢ is fixed. 
Consequently, 67, accomplishes the transition from one possible 
position of the point P, at time ¢ to another possible position for 
the same time #, i.e. 6a, is a virtual displacement of a point P,, of 
the system. 

Thus, in the genera! equation of dynamics (0) we can consider 
ér,y to be a variation of the radius vector ry. But then it is possible 


P d ‘ 
to change the sequence of the operation Fr and the operation 6 
of differentiation with respect to a: 


d ad a rs) e e 
a7 Orv = oa ba ry, (t, a) da = — 5a Ty (t, &) da == 67, 
Therefore 
N N N 
ee d ° e d 
> My Pr Ory = G- > MyPOry — > My ty a Ory = 
v= 1 vee v=1 
N N 
ad ba d a 
oer ry > myr or, — 5 My VO"y at > myr Ory — dT (7) 
v= l y= il v= 


where 67’ is a variation of the kinetic energy T= >) myr. 


v=i 


Sec. 16] Hamilton's Principle 93 


As before, denoting by 5A the elementary work of effective for- 
ces F, in virtual displacements 67, (v=1, ..., N), we can, using 
the transformation (7), write down the equation (95) in the form 


N 
d e 
67 + 6A —— > myPr Ory =0 


v=1 


Integrate both sides of this equation with respect to ¢ from 
t=t) to t=t;: 
ty N . ty 
\ (87 +64) at —| >} myryory | = (8) 
t==1lo 
to v=1 
Here | limit denotes the difference between the values (for t=%, 
and t= to) of the expression in the square brackets.. But when 
t—t) and t—12,, the radius vector 7, does not vary since the ini- 
tial position and terminal position of the system are fixed: 


Vy (to, DHT, yl, =r, (v=l,..., N) 
Therefore 67,=0 for £=t) and for t==?,. The second term in (8) 
is zero, and this equation takes the form 
ty 
{ (87 +64) dt =0 (9) 
to 
We consider the case when the forces have the potential [T= 


=I (t, qi). Then 
64 = —ASII 
where OII is the virtual differential (variation) of the function 
IT (é, q;)* and equation (9) is written 
ty ty 
j (87 ~ 81) dt = \ 6L dt =0 
fo io. ° 


whence 
th th 


We) ca) SL dt=0 


Thus, the basic equation of dynamics (5) has led us to Hamilton's 
principle 6W=0, and from this, as was indicated above, we imme- 


n 
aml 
* That is, =D) 3,— d9i. 


i=1 
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diately obtain Lagrange’s equations: 
6) 7) ‘ 
ooh _ 2 =0 (i=4,...,n) 
dq: Gi 
In order to obtain Lagrange’s equations, in the case of the 
nonpotential forces Q; one should proceed from the equation (9) 
ty 


{in place of (4)}. Applying formula (3) to the integral { 8r a, 
to 


i.e. replacing the function ZL by the function 7 (t, 4, qi); and 
using the expression for the elementary work of the effective forces 


5A = >) O;6q;, we find 
i=1 


ty on 
or ad oF 
) 2D (Q+a5— ga) bar dt =0 Go) 
a : Odi 
fo i=1 i 
From this it follows that since the quantities 6g; (i = 1, ..., n) 


are arbitrary, the expressions in the brackets under the integral 
sign (10) must be zero, i.e the Lagrange equations must hold for 
the straight-line path: 


d av aT — 
ay, oan et i=, wae, M2) (14) 


Let us find out whether the value of the action for a straight- 
line path is the least when compared with circuitous paths. 

By way of illustration let us consider the motion of a particle 
constrained to move on a sphere in the absence of a field of foice 
(inertial motion on a sphere). Let the mass of the particle m = 1. 
In spherical coordinates (Fig. 34) 


La => (G+ sin" pp) 
For the straight-line part 


OL 
are F and ——= const 
OQ ? op 


(where tp is a cyclic coordinate), i.e. 
g— sin m cos pp? =, sin? rp = sin? Porho 
Without loss of generality, we may say that the initial velocity 
vw, for a straight path is directed along a meridian (p—const), 
i.e. Po = 0; then 
p=0, y =const and v? = R%p? = const 
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Thus, the straight-line path amounts to uniform motion along 


an arc of a great circle. Here, 
th 


Wor—Wa =z | v*—vi) dt= 


ty 


ty ty ty 
= Dp \ (v — vp) at + + \ (v — vp)? dt > vp { (v —v 9) dt = V9 (Geir — Ost) 
to to to 


The length of the arc of a great circle o;; is Jess than the length o,;, 
of any other curve on the sphere connecting the same two points My 
and M,. For this reason, 


W st <= Weir 


However, this is valid only wheno,; = U M)M,< aR. Ifo,, >aR, 
then W,, will no longer be always less than W,;, and the least value 


Zz 


) 
LPS] 


Mo 
Fig. 31 


of the action W will be attained on an auxiliary arc of a great circle, 
which in this case will be the shortest distance between My and M,. 
If we move the point M, along an arc of a great circle, increasing 
the arc, then the critical point Mf (prior to this point, W,; will 
be a minimum, and after M, passes through M* it will no longer 
be such) is a point diametrically opposite the point M,, 

The situation is similar in the general case. It may be proved that 
if the point M, is chosen sufficiently close to My, then one straight- 
line path passes through M, and M;,. But if the separation between 
M, and M, is sufficient, then two straight-line paths can pass 
through M, and M, or even a pencil of straight-line paths. Such 
a position M* of the point M, is called the conjugate kinetic focus 
of My. It has been established that an action directed along the 
straight-line path M,)M, is of least value compared with those 
along circuitous pathways if on the arc M,M, there is no kinetic 
focus My conjugate to Mo. 
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17. Second Form of Hamilton’s Principle 


Let us examine yet another form of Hamilton’s variational prin- 
ciple. In place of an (m+ 1)-dimensional extended coordinate 
space we consider a (2n +- 1)-dimensional extended phase space 
in which the quantities qg;, p; (ij = 1, ..., m) and ¢ are the coordi- 
nates of a point. In this space we consider a straight-line path pas- 
sing through two points Bo (q}, pi, to) and By, (qj, p}, t,) and also 


Fig. 32 


all other possible curves connecting these points (circuitous pathways; 
see Fig. 32, n = 1). 

The functions q; (t) and p; (t) (i = 1, ..., n), which specify 
the straight-line path, satisfy Hamilton’s equations 


dq; os OH 
dt = Op; 
dp; OH , 
Bagh lat a 


We introduce a function of 4n-+-1 independent variables 
L* (t, Qi, Dis Vi, Pi) defined by the equation* 


L* = 2 Pid —H it, Gis Pi) (2) 


* The Di actually are not involved in the right-hand side of (2). There- 
fore, the function Z* is, in this case, independent of these quantities, 
* 


SOS, a: : 


and 


Opi 
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With the aid of this function, Hamilton’s canonical equations (4) 
can be written, as is readily seen, in the Lagrangian form: 


d OL* 0L* ad oL* oL* : 
Se —— ; —_— = ie es ee’ () G4 eve n 3 
dt 54, qi dt 45, OD; : yy Ke) 


Since a straight-line path is characterized by equations (3) of the 
Lagrangian type, the straight-line path in extended phase space 
stands out among the circuitous pathways, as was earlier established, 
by the fact that for it the integral 


ty 
{z (t, Gir Pt, Qi, Pi) at (4) 
to 
has the stationary value 
ty tH n : 
6 {reds (>) pqi—H) dt =0 (5) 
to to i=1 


At first glance it might appear that the second form (5) of Hamil- 
ton’s principle does not differ in any way from the first, bW = 0 
since, according to formula (8) on page 73, the expression for L* 
coincides with the function ZL. This is not always so, however; it 
is true only for motions of a system, i.e. for paths such that g; = 
= q(t), pi=pilt)  =1,..., n), for which the functions 
q; (t) and p; (¢) are connected by the relations 

pea GAj astm) (6) 
0g; 


However, in the second form of Hamilton’s principle (in contrast 
to the first!), arbitrary curves of (2n + 1)-dimensional extended 
phase space passing through the points By and B, are admitted for 
comparison as circuitous pathways. These paths may not satisfy 
relations (6) and for this reason, in the general case, for them L* 
«I. But if in formula (5) we confine ourselves solely to those 
circuitous paths for which (6) holds, then the second form of Hamil- 
ton’s principle passes into the first form, 6W = 0. 

Note also that unlike the points M,) and M™, in the first form of 
Hamilton’s principle, points By and B, cannot be chosen in arbitrary 
fashion because it is impossible in the general case to draw a straight- 
line path through two arbitrary points of extended phase space. 
The points By and B, are chosen on the straight-line path for which 
Hamilton’s principle is formulated. 


7—3420 
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18. The Basic Integra) Invariant of Mechanics 
(Poincaré-Cartan Integral Invariant) 


Let us derive a formula for the variation of action SW in the 
general case when the initial and terminal instants of time, just 
like the initial and terminal coordinates, are not fixed but are 
functions of a parameter a 


to = ty (a), q =q (a) 
ty=ty(&), Gi=qi(a) rae 1) f (1) 


ty 


Here, differentiating the integral W = \ Lat with respect to the 


to 
parameter @ and integrating by parts we find 


ty (a) 
5W —— re) L at == Lt, —= LE, Sto + 
to(a) 
ti in 
+) > (Fe oa +64) dt = L,8t, + 
‘ i=1 


+ S pi (59: ]2=1, — Lodto — > Pi (59; ]e=t5 +- 


t==1 t==1 


+3 (a aa) , dt (2) 


to i=1 
(Sqm, =| Gru lt a) |, 80 (i=4,...,n;4=0, 4) (3) 


On the other hand, for the variations of the terminal coordina- 
tes qi = qi|[t,(«), a] we have the formulas 


7) Et 3 
égi = — qhot, + | et ls @) hes da 
or 


Sq} = [Sqiian, +q28t, (i= 41, ..-, 2) 
From this 


[Sgilimt, =SG}—G16t, (i= 41, ..., 2) (4) 


In similar fashion 


[Sgi)t=ty = 5qi— gto (i=1, ..., 7) (5) 
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Substituting the expressions (4) and-(9) for [Sqi]int, and [8¢:]:=4, 


into expression (2) for 6W, expressing as usual q; in terms of pi, 
and noting that 


~ 


2 pigi—L =H 


we obtain the following formula for the variation of action 6W 
in the general case: 


‘4 


éW = [3 1:64; — H6t |’ ie 


1) 7 
+) 3 (E-$ 4) one (6) 
io t=1 t 


where 
D> pidgi — H6t\ 9 = 2 pidqi — HH ,t,— 2 pid¢? -+ Hy Sty 


In the special case when for any a the appropriate path is a 
straight line, i.e. when q; = q; (t, a) (i = 1, .-.., n) is a family 
of straight-line paths, the integral on the right of (6) is equal to 
zero for any a, and the formula for the variation of the action takes 
on the following simple form: 


SW =[ >) pidqi — H6¢]0 (7), 
4==1 oo 


In place of the (nm + 1)-dimensional extended coordinate space 
we take the (2m + 1)-dimensional extended phase-space in which 
the quantities g;, p; (ij = 1, ..., m) and ¢ will be the coordinates 
of the point. In this space we take an arbitrary closed curve C, 
given by the equations 


Gi=qQ (a), Pi= pi (a), = to (a) (8) 
Gi=1,...,2; 0<a<cd) 


Here, we have one and the same point of the curve C, for a = 0 
and a = l. Taking each point on the curve Cy as the initial one 
we draw the appropriate straight-line path. Such a path is uniquely 
determined (after specifying the initial point) by a system of Hamil- 
ton’s canonical equations. We obtain a closed tube of straight 


7 
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trajectories (see Fig. 33, n = 1) 
Ga=at, &), pi=pilt, a) (t= 4,...,n; O<a<1), (9) 
where 
qi (t, 0) = qi (t, l), Pi (t, 0) = Pi (t, l) 
C= 1 exept) 
On this tube we arbitrarily choose a second closed curve C, 
around the tube that has only one common point with each gene- 


t o; 


SD 


q 


Ca 
Pr 


Gr 
Fig. 33 


ratrix. The equations of curve C, may be written in the form* 


gi=G (a), Pi= pila), t= ty (4) (10) 
Let us examine the action W along the generatrix of the tube 
from the curve Co to the curve C\: 
f1(c) 
W = Edt 


to(&) 


Then for any o, by formula (7), 


OW =W’ (a) 6a = 1 2; pidgi — Hot]o 


* To each value of a of the interval 0 <a < I there corresponds a definite 
“generatrix” of the tube (straight-line path) and on this generatrix there is 
only one point belonging to the curve C;. Therefore, to each value of a there 
coeaponds only one point of the curve C,, i.e. the coordinates of the point of 


the curve C, are functions of the parameter a. 
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Integrating this equation termwise with respect to a from a=0 
to a=1, we get 


0=6 ()—W =f [3 pda —A]! = 
0 i=1 
l ue l n 
~ [2 pidgi — H St; | ao [> pidgi— Hodto | = 
Sas -§[> pidqi — Ht] — §[2 pibai— HOt] , 


Cz, i=i 


§ [> pidgi — HOt | =§ b Pidgi — Hét | (44) 
Co it Cy i=1 


It is thus established that the line integral 


r=§ [3 pidg:— Ht | | (12) 


taken along an arbitrary closed contour does not change its value 
in the case of an arbitrary displacement (with deformation) of the 
contour along a tube of straight-line trajectories, i.e. it is an integral 
invariant. We shall call the integral J the Poincaré-Cartan integral 
invariant. 

We now prove the converse proposition. Let it be known that 
the straight-line paths are defined by the following system of first- 
order differential equations: 


= Olt, ay py), BL =Pi(t, ai Dy) 
C=1oanc9h) (13) 


This supposition is natural in that the motion of a system must 
be defined uniquely on the basis of the initially given gi, p? (f=1,... 
..., n). Besides, let it be given that the Poincaré-Cartan integral 
(12) is an integral invariant with respect to the straight paths 
defined by the set of equations (13), i.e. for any tube of these paths 
the Poincaré-Cartan integral computed round the closed contour 
embracing the tube does not change its magnitude when the points 
of the contour are arbitrarily displaced along the generatrices of 
the tube. We will now prove that the following relations hold bet- 
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ween the function H and the functions Q;, P;: 


OH OH , 

ae rm f= aa, (i=1,..., 7) (14) 
That is to say, we will prove that equations (13) are Hamilton’s 
canonical equations with the function H that enters into the expres- 
sion under the sign of the integral J/. 

To proceed with the proof we introduce an auxiliary variable 
(parameter) p, supplementing the system (13) with yet another 
equation: 

aq dn apy @Pn at 
—=...2 = =... =—t=—=nd 15 
Q1 On Py Ree a 

Here, m1 = 1 (tf, g;, pi) is an arbitrary function of a point in 
the extended phase space. Integrating the system (15), we find the 
expressions for qg;, p, and ¢ in the form of functions of the variable p 
and of the arbitrary initially given values, g?, p? (i = 1, ..., n), 
and ft) (for p = 0): 

qi =i lts 9, Ps to), 
Pi = i (L; q; Ph to), (i i 4, aeey n) (16) 
t=% (pj qi, Pi, to) 


We have thus obtained parametric equations for the family of all 
straight-line paths. Since we only need those straight-line paths 
that form the given tube, we have to choose the initial point 
My, (qj, Pj, ¢) on the curve Cy, i.e. we have to put 


qj (x), P§ (x), to (a) 
into equations (16) in place of qj, pj and fy. Having done that we 


will find the parametric equations for the straight-line paths that 
form the given tube: 


i= Qi (bh, %), Pi=Pi (yp, &), 
t=t(p,a) (i=1,...,n; O0<a<l) (17) 


Here, the value of @ isolates a definite straight-line path (the “gene- 
ratrix” of the tube), while the value of the parameter p fixes a 
definite point on this path. 

Assuming p = const, wecobtain a point on every generatrix, 
and on the tube we get a closed curve. We take it that in the integral 
(12), 9:;, p; and ¢ are replaced by their expressions (17). Then the 
integral J will be a function of the parameter p and for every fixed 
value of p, it will be a line integral along the corresponding closed 
curve » = const. 
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By virtue of invariance, 
al =0, 


where the letter d denotes differentiation with respect to the para- 
meter uw. Differentiating under the sign of the integral, we find 


o=4 ry (dp:8q; +p; d8q:) -dH$t—H dé | 
i=t 


Writing 6dq; and &d¢ in place of d&g; and dét, and integrating 
by parts round the closed contour, we get* 


0=49 » (dp.8q: — 5p; dqi) —dH5t + 5H de | = 


ix=1 
$$ {35 [(eoet ae on + (an a) + 


+(—aH +E at) se}, 


or, by virtue of (15), dividing termwise by dua ’ 
O=4 15 (P+ gee) 6g: + (—Q:+ 32) dp: | + 
+(—4- +47) obs (18) 


The expression under the integral sign must be a total differential 
with an arbitrary factor x; but this is only possible when the expres- 
sion in the braces is zero. Equating this expression to zero, we get 


P=, O22 C2 1ydcun); 


which completes the proof.** 


* The operations d and may be interchanged since they represent diffe- 
rentiation with respect to different independent variables » and a. Further, 
when integrating by parts, the integrated part is lost (is equal to zero) since 
the terminal point of the integration path coincides with the initial point. 


Thus, for any two functions u and »v, G ubv = -§ vdu when integrating 
over a closed contour. 
? : .. aH OH ae ‘ 
** We also obtain the identity “Te which is a consequence of Hamil- 


ton’s canonical equations [see equation (20) on page 76]. 


104 Variational Principles and Integral Invariants [Ch.3 


From what has been proved it follows that the invariance of the 
Poincaré-Cartan integral may be placed at the foundation of mecha- 
nics since from this invariance it follows that the motion of a system 
obeys Hamilton’s canonical equations. 


Note. In the proof we introduced an auxiliary variable ~ and used the cir- 
cumstance that the integral J does not change its value in passing from one 
curve of the family w == const to another curve of the same family. Because 
the function x (¢, qi, pi) is arbitrary, the family of curves u = const is actually 
an arbitrary family of nonintersecting closed curves embracing the given tube 
of straight-line paths. If we had not introduced the parameter yp, and had taken 
the time ¢ for the parameter, then, by the same reasoning, we would have only 
partially made use of the invariance of the integral J (only for the curves of the 
simultaneous states ¢t = const) and we could not have arrived at the desired 


result. 


Now let us take a more detailed look at the structure of the 
PoincaréCartan integral. 

In the Poincaré-Cartan integral (12) the time ¢ enters as the coor- 
dinate g;, and the role of the corresponding momentum is played 
by the quantity —AH, i.e. the energy taken with opposite sign. 
This is a far-reaching analogy. 

We change the variables in the integral J by introducing a new 
variable z connected with the old variables by the relation 


z= —AH (t, qi, Pi) (19) 


Using this relation let us express p,: 
pa=—Kit, Gir «25 Qn, Z, Pi see Pr) (20) 


Then the basic integral J in the new variables will read 
T= 28t + padgo+ ... + PrBgn— K6qs (24) 


Thus, in the new variables the integral J has the aspect of the 
Poincaré-Cartan integral, but the role of the time is now played 
by the variable g,; and in place of the earlier energy H we have 
the momentum p, taken with reversed sign, i.e. K. Thus, by what 
has been proved, the motion of a system in the new variables should 
be described by the following Hamiltonian system of differential 
equations: 


dt OK dz OK 

dq, @2 ’ dq et ' (22 
dq; aK 4P; aK (j=2 n) ) 
dq, Opy’ dy gy VO? 


Where, g, is the independent variable. 
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We can illustrate this in the case of a linear oscillator for which 


_ p*% , cg 
aera 


Form the canonical equations taking q for the independent variable. 


To do this, put 
= Pp? cq? 
ee ( 2m Ba x) 


whence 
pn =e 
Thus, we have 
K-= —VmyV — 2z—c@? 
The appropriate canonical ie (22) will then read 
sae 
Laff : = = 
— q2 


From the second equation, z= const = —h. We find ¢ by means 


of a quadrature: 
wt = j= 
Vane 


f-¢ ; ' 
where a= / —, and @ is an arbitrary constant, or 
mn 


; C 
wt -+ ® = arc sin a4 


q= A sin (ot-+ a) ( A= *) 


19. A Hydrodynamical Interpretation of the 

, Basic Integral Invariant. The Theorems of 
Thomson and Helmholtz on Circulation and 
Vortices 


i.e. 


For a concrete interpretation of the concept of an integral invariant 
let us consider the motion of an ideal fluid under the action of 
external forces with a potential II (¢, z, y, z). AS we know from 
hydrodynamics the equation of motion of a particle of this fluid 
has the form 


a = — grad 1—— grad P, (1) 
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where @ is the acceleration of the particle, p and p are its density 
and pressure, while the potential IJ is referred to unit mass. 

We take it that 0 and p are connected by the functional relation 
o =f (p) (in particular this occurs in an isothermal development 
of the process). Then, putting 


II = of 
eel. 
we can write equation (1) as 
= —grad Il (1’) 


This equation shows that the motion of a particle of the fluid 
is identical to the motion of a particle with mass m = 1 in a poten- 


tial field Il = U1 (t, xz, y, 2). Therefore, the integral invariant for 
the motion of fluid particles will be the Poincaré-Cartan integral, 
which in the given case is of the form 


I =§ udz + voy +-wbz— E6t (2) 


where u, Vv, and w are the components of velocity of the particle 
(in the given case—for m = 1—they are the momenta p;), and 
E is the energy defined by the formula 


E => (u? 4+v24+w)+ fl (t, x, y, 2) (3) 


Thus, the integral (2) taken round an arbitrarily closed contour 
in the seven-dimensional space (t, z, y, 2, U, V, w) does not change 
its magnitude in an arbitrary displacement of points of the contour 
in accordance with the motion of the fluid. This motion obeys 
the differential equations, which, by virtue of the formula (1’), 
have the form 


a, Woy 
dt ~'’ dt ~' at 


du OL <$sv | a aU 
dy ° dt — Oz 


| 
| 
& 


(4) 


‘dt ——“‘ié‘iR:SC TSC 

For the given special case, equations (4) are Hamilton’s canonical 
equations, 

If the specific motion of a fluid is given for which the field of 
velocities is known, i.e. if we know the functions u(t, z, y, 2), 
v(t, x, y, 2), and w(t, z, y, 2), then the integral (2) may be 
regarded as an integral in extended coordinate space, i.e. in the 
four-dimensional space ¢, z, y, z. The value of this integral does 
not change if the points of the path of integration are displaced 
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arbitrarily along the paths of motion of the particles; i.e. the integral 


§ u(t, x, y, z)dz-+u(t, z, y, 2) dy+ 
C 
+w(t, 2, y, z)dz--H(t, x, y, 2) dt (9) 


is an integral invariant in extended coordinate space for the motion 
of a fluid with a given field of velocities. 

If the path of integration consists of simultaneous states 
(t = const), then the integral (2) takes the form 


§ udz + vdy + w6z (6) 
Cc 


In hydrodynamics this integral is called the circulation of the 
velocity along the contour C. Along with this we obtained Thomson’s 
theorem on the conservation of the circulation of velocity: the 
magnitude of the circulation (6) does not change if the fluid particles 
forming the contour at time t, are transferred to positions that they 
occupy at any other arbitrary instant of time to. 

(f the fluid particles at some time form a line, then these same 
particles will form another line at another instant of time. We 
shall speak of a “fluid line” that moves and is deformed with time. 
In similar fashion we define the concept of a “fluid surface”. 

The theorem on the conservation of circulation states that to 
every closed fluid line there corresponds a definite circulation. 

Note that by the Stokes formula the integral (6) is written in the 
form of an integral over the surface S bounded by the contour C: 


\ j ESybz + ndz6x + COxby, (7) 
5 
where 
g 7 Ow Ov __ Ou Ow. 
ay On ge oat 
Ov Ou 
oe oT (3) 


are the components of some vector @ called the curl (rotor) of the 
velocity or simply the curl. Integral (7) is ordinarily given in the 
form 


\ \ Q, dS, (7") 
S 


where Q, is the projection of the vector 2 on the normal to the 
surface, and dS is an element of the surface S. From this it is seen 


108 Vartational Principles and Integral Invariants [Ch. £ 


that the integral (7) gives the magnitude of the vortex flow through 
the surface. The theorem on the conservation of the circulation of 
velocity passes into the theorem on the conservation of vortex 
flow: to every bounded fluid surface there corresponds a definite 
magnitude of vortex flow through this surface.* 

The motion of a fluid with a given field of velocities is determined 
by the differential equations 


=ult, “L,Y, Z), 

(9) 
dy az 
a =U, 2, y; 2), at =wit, L,Y, 2) 


With respect to the integral curves of the system (9), the inte- 
gral (5) is an integral invariant. 
e now pose the question of what other systems of differential 
equations of the type 
dz = dy — dz ae dt (10) 
P(t, 2, y, z) Gt, r,Yy, 2) Rit, Ty Vy a) Ut, Ly Y, 2) 


besides the system (9), possess this property; in other words, for 
what other systems is the integral (5) an integral invariant? 

To answer this question, let us introduce a parameter uw for the 
trajectories of the system (10) and, as was done in the preceding 
section, let us equate the relations (10) to the product x (t, zx, y, 
z) du, where a is an arbitrary function. Let us consider a tube of 
integral curves of the system (10) and a closed contour C around this 
tube, for which contour » = const = c. Note that the value of 
the integral (5) along the contour C does not depend on the quanti- 
ty = ¢. 

Denote by d the differentiation with respect to uw and reasoning 
as on page 103 we get [using formulas (8)] 


0=d§ ubz + vby ++ w82— E6t = § dubz + dvby ++ 
+ dw6z — dE&t — 6u dx — 6v dy — bw dz 4+- 5E dt = 


=§ | —Sdy-+ nde + (S <) a] Sa + [x] Sy + [x] 82 + 


du Ov ow OE 
where the coefficients of dy and 6z are obtained from the coefficients 
of dz by a cyclic permutation. 


* From this it follows in particular that vortices in the fluid volume of an 
ideal fluid can neither vanish nor appear [if of course the forces have a potential 
and the relation 9 = f (p) holds]. 
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Replace dz, dy, dz, dt by the denominators of the fractions in 
(10) multiplied by x (f, z, y, z) dt. Since for any choice of the 
function x (¢, x, y, z) the expression under the integral sign must 
be a total differential, it must be identically zero. And so the 
expressions in square brackets are equal to zero (after the differentials 
dx, dy, dz, dt in them are replaced by the proportional quantities 
P,Q, R, U); i.e. we have the equations 


nk—tg+(4+—)u=0 
tP—ER+ (+5) U=0 | (114) 
0m + (4) U 0 | 


and 
(Ste) P+ (E+) Ot (GFE) R=9 1 


The relation (12) is a consequence of the equations (11) if U +0, 
and of the equations (11) and (1’) if JU = 0. 

The equations (11) together with equations (10) determine all 
the differential systems with respect to which the integral (5) is 
an integral invariant. Among these systems we shall seek those 
for which U = 0, i.e. dt = 0. Then from (11) we get 


P. QG P 


oH. Ge 
and the system (10) takes the form 
dr dy dz at 
GF nN fg 0 Wy) 
The integral curves of the system (13) are called vortex lines. 
Thus, the system of differential equations of vortex lines is the only 
system with dt = 0, with respect to which the integral (8) is an integral 
invariant.* 
From this important proposition follows an important corollary. 
In the space (z, y, z, ¢#) take an arbitrary tube of vortex lines 
and two contours C, and C, bounding it (Fig. 34). By virtue of the 
invariance of the integral (5) with respect to the vortex lines, 


$ ubz +-vdy + wz — Edt = > ua -|-vdy + wSz— Et 


Cr C2 


* The integral (5) is an integral invariant for other systems as well [for 
example for the system (9)] for which dt ~ 0. 
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We arbitrarily specify the magnitude t > 0 and transfer any 
point of the space (#, y, z, t) to the point (z’, y’, 2’, t+ t) where 
x’, y’, 2’ are the coordinates at the time ¢ -+ t of the fluid particle 
which at time ¢ had the coordinates z, y, z. In such a displacement 
along the trajectories of the fluid particles the vortex lines will 
move to certain new lines which we will call “displaced lines”. 
The tube of vortex lines that we took will move to the tube of 


Le 


Fig. 34 


displaced lines, and the contours C, and C., will move into the con- 
tours D, and D, (see Fig. 34).* Since the displacement was accomp- 
lished by the motion of fluid particles, the integral (5) does not 
change its value during the displacement: 


sa ae ee 


Ci Dy) Ce Do 


§=§ as 
Da 


Dy 


but then 


It may be taken that D, and D2 are two arbitrary contours bound- 
ing the tube of displaced lines. Therefore, the equation (14) expres- 
ses the invariance of the integral (5) with respect to the “displaced 
lines”. Here, dt = 0 along each displaced line, as it is along a vortex 
line. Consequently, displaced lines possess the same properties that 
(as was shown earlier) only vortex lines can possess. Hence, the 
displaced lines are vortex lines. And the time of displacement t 
is arbitrary. Thus any vortex line always remains a vortex line during 
the motion of the fluid particles that comprise it. 

We have arrived at the Helmholtz theorem, which may be formula- 
ted as follows: a vortex line is a fluid line. 


* The tubes of vortex lines considered here are located in the four-dimen- 
sional space (z, y, z, t) but the t-axis is not depicted in Fig. 34. 
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At the same time we found that with each vortex tube there 
is associated a definite “intensity” defined by the integral 


§ wba 4- vdy + wbz— Eét (15) 
C 


The magnitude of this intensity does not change during motion 
of the fluid. If we take the tube of vortex lines for one and the same 
instant of time ¢ (6¢ = 0), then the intensity (15) is the circulation 
of the velocity round the contour C: 


& udz + vdy -+- w6z 
Cc 


20. Generalized Conservative Systems. 
Whittaker’s Equations. Jacobi’s Equations. 
The Maupertuis- Lagrange Principle of Least Action 


We consider a generalized conservative system, i.e. an arbitrary 
system (and perhaps a non-natural one as well) for which the func- 
tion H is not explicitly dependent on the time. For it we have the 
generalized integral of energy 


A (qi, ps) =h (1) 


This integral is analogous to the integral of conservation of 


momentum p; = c, which holds when q, is a cyclic coordinate, 
i.e. when sn ae; 

Proceeding from the analogy between the variable of time ¢ and 
a cyclic coordinate, we may expect to be able, with the aid of the 
energy integral (1), to reduce the order of the set of differential 
equations of motion by two units. 

With this purpose in mind, we consider an ordinary (i.e. nonex- 
tended) 2n-dimensional phase space in which the quantities q:, p; 
(i= 1, ..., m) are the coordinates of a point. We confine ourselves 
to only those points of the phase space whose coordinates satisfy 
the equation (1) with fixed value of the constant hy. In other words, 
we confine ourselves solely to those states of the system to which 
the given magnitude of the total energy corresponds: 


H =H (qi, pi) = hp 
Then the basic integral invariant J will appear as 


I= > Pidgis (2) 
i=t 
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since, by virtue of equality (1), 
@ Ht = ho bt =0 


Now solve equation (1) for one of the momenta, for example p,: 


P= —K(Q..-s Qn, Po, -«+s Pny ho) (3) 


and put the expression obtained into the integral (2) in place 
of p,; then 


I=$ rs p;5q;— Kbq, | (4) 


j=2 


But the integral invariant (4) again has the form of the Poincaré- 
Cartan integral if it is assumed that the basic coordinates and 
momenta are the quantities g; and p; (j =2,..., m), and the 
variable q, plays the role of the time variable (in place of the func- 
tion H we have the function K). For this reason (see Sec. 18), the 
motion of a generalized conservative system should satisfy the 
following Hamiltonian system of differential equations of order 
2n — 2: 


i =, tS (j= 2,..., 7) (5) 


These equations were obtained by Whittaker and are known as 
Whittaker’s equations. 

Integrating the system of Whittaker’s equations we find the q; 
and p; (j = 2, ..., m) as functions of the variable q,; and 2n — 2 
arbitrary constants ¢;, . .-., Con-2. Moreover, the integrals of Whit- 
taker’s equations will contain an arbitrary constant ho, i.e. they 
will be of the form 


qj =9; (M1) ho, Ciy eee Con—o)s 
P5= Py (Ass Mor Cty «+ +s Conz) J 2,05 vy Bs (6) 
Then by putting expression (6) into formula (3) we find an ana- 
logous expression for 
a= Ys Cre ho, Cty seey Con) (67) 


All the trajectories in phase space (i.e. the geometrical pattern 
of motion) are determined in this way. 
We obtain the dependence of the coordinates on the time ¢ from 
aq oH 


the equation ae ope by means of a quadrature: 


d 
t= | Fi tens (7) 
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where all the variables in the partial derivative a are expres- 
i 


sed in terms of q,; with the aid of the equations (6) and (6’). 
The Hamiltonian system of Whittaker’s equations (5) may be rep- 
laced by an equivalent system of equations of the Lagrangian type: 


= 0 2) (f= 2,..., 2) (8) 


da: 
where gost, and the function P (the analogue of the Lagran- 


gian function) is connected with the function K (the analogue 
of the Hamiltonian function) by the equation* 


P= P (qs, «+0; Gn; in «++1 In) = 2 pigi— K (9) 


Note that the system (8) contains not n but n—1 second-order 
equations. In the latter part of this relation the momenta p; must 
be replaced by their expression in terms of 


, dqo + GQ 
92a, ? a | dn Gay Y 


which may be obtained from the first n—1 equations (5). 
We transform the expression for the function P by proceeding 
from the equations (3) and (9): 


2 ak fi ieee A 
P= >) Psi +P =-— >) Pidi=— (L+ FZ) (10) 
j=2 qt i=1 4 


In the case of a natural, i.e. an ordinary conservative system, 


L=T—II and H=7T-TJ; consequently, 


P=—(L4+H)== (41) 
q q 
and the kinetic energy 7 may be written as 
nr 
1 e806. e P ; 
f= > QinQiGr = QiG (415 ey Any Jar eery Gn) (12) 
i,hk=1 


where 
4 


Edis 61a Gn es => Dd) angigh Gi=) (13) 
t,k=1 


* See equation (8) on page 73. 
8—3420 
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From equations (1) and (12) we find 


ol (4) 


and for the function P we get the following expression: 


p= —2VG(h—I (15) 


qi 


The dilferential equations (8), in which the function P is of the 
form (15) and which therefore belong to the natural (i.e. ordinary) 
conservative systems are referred to as Jacobi equations.* 

Integrating Jacobi’s equations, we determine all the trajectories 
in the coordinate space (qi, ..-, Qn): 


q3= 9; (41; h, Ci) «++ Cong) (16) 


The relation between the coordinates and the time variable 
is established from (14) by a quadrature: 


G ; Zz 
p= VW in dq, Cant o) 


Let us now establish the principle of least action of Maupertuis- 
Lagrange. Since the equations (8) are Lagrangian type equations, 
there follows the variational principle according to which for the 
straight-line path 


6W* 0 (18) 
where 
qt 
w= \ P dq, (19) 
q 


is the Lagrange action. Here, all the motions of a generalized-conser- 
vative system that transfer the system from a given initial position 
qi to a specified terminal position g} (Fig. 35) are permitted to con- 
tend. The instants of time ¢) and ¢,; are not fixed and may vary 
when passing from the straight-line path to circuitous paths.** 

Expressing the function P in the integral (49) with the aid of 
equation (10), we find the counection between Lagrange action W* 


* These equations were derived by the German mathematician K.G.J. Ja- 
cobi and are found in his classical Vorlesungen tiber Dynamik published in 1886. 
In the case of a non-natural generalized-conservative system, the function P 
involved in the Jacobi equations is determined by the formula (9). 

** Equation (18) states that for a straight-line path, the Lagrange. action 
has a fixed value. The question of when the action W* is least for a straight-line 
path is solved by invoking kinetic foci in the same way as for Hamilton’s prin- 
ciple. 
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and Hamilton action W: 


ty ty ty 
W* \ (4+) dt = \ Ldt-+h \ dt=W-+h(t;—t) (20) 


to to to 


For an ordinary (natural) conservative system, it is possible to 
take advantage of expression (11) and represent the Lagrange action 
in the form 

1 


ty #1 N N &y 
we-2\Tat=\ > my dt= > | myvy dy (21) 
to to v=1 v= 1 sy, 


But it has already been assumed that only those motions of a system 
are permitted to “compete”, for which the total energy of the system 
has one and the same value of h. 


Fig. 35 


The expression obtained for W* indicates that the Lagrange action 
W* is equal to the work of the momentum vectors of points of the 
system in a corresponding displacement of the system. 

The variational principle (48) is referred to as the Maupertuis- 
Lagrange principle of least action.* 


By way of illustration let us compare the optical principle of Fermat and 
the principle of least action of Maupertuis-Lagrange ** 


* First formulated vaguely by Maupertuis in 1747. In 1760 Lagrange gave 
a rigorous formulation and substantiation of the principle. 
** See, for example, H. V. Rose Lectures in Analytical Mechanics, Part 1. 
Leningrad, 1938, pp. 93-94 (in Russian). 


8* 
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According to Fermat’s principle, apa is propagated in an inhomoge- 
neous medium so that the time of flight 


t= \ —— (22) 


is a minimum, 
Introducing at each point of the medium the refractive index n= < : 


i.e. the ratio of the speed of light c in vacuo to the speed v in the given 
medium, we transform the formula to 


where is a function of a point of the medium. Then the Fermat principle 


is written as 
Ss 


so 
On the other hand, for a single particle of mass m the Maupertuis- 


Lagrange principle yields (since + mv2 +H=h) 


8 & 
) \ my ds= Vm 6 \ V2 (k— Hl) ds==0 (24) 
So S60 


The trajectory of a light ray coincides with the trajectory of a particle 
if [see formulas (23) and (24)] 


H=h— > n? (25) 


If it is assumed that near the earth’s surface the refractive index n 
diminishes as a linear function of the altitude z 


n=Ng (1-4 7) (26) 


where H is the height of the atmosphere, then, neglecting small terms of 


the order of (+) we can write 
Hahn} (1—2e =) =c+gz (27) 
where 
nr ns (28) 


Formula (27) defines the potential of the force of gravity near the surface 
of the earth with a modified value of g. 

Therefore, if the refractive index ” varies with altitude in the manner 
indicated, light will be propagated in a parabola with a vertical axis. 
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21. Inertial Motion. Relation to Geodesic Lines 
in the Arbitrary Motion of a Conservative 
System 


Let there be given an arbitrary scleronomic system; its kinetic 
energy is 
1 nr 
tie >, Qin(Q1, «+++ An) Gide (1) 
i, k=! 
We introduce a metric in the coordinate space (q,, ..-, gn) by 
determining the square of the arc length ds? with the aid of the 


positive-definite quadratic differential form 
nr 


ds?= SY) ain (Qty «+ +s In) dgqi dq | (2) 


i, A=1 


Then the magnitude of the arc of the curve connecting two points of 
coordinate space, (g:) and (q;), will be determined by the equation 


(q;) (q;) n 
s= \ ds = \ Gin Aq: Aqn (3) 
(qf) (a?) i,h=d 


Comparing formulas (1) and (2) we find that in the motion of the 


system 
r=4(%) (4) 


That is, the kinetic energy of a system [given the metric (2)] always 
coincides with the kinetic energy of the representative point in the n-dime- 
nsional coordinate space if to this point we assign a mass of m = 1. 

Now consider the inertial motion of the system (II = 0). Then 
in that motion all possible trajectories of the image point are 
referred to as geodesic lines [with respect to the metric {2)]. From 
the energy integral 

T=h 


by formula (4), it follows that 
ds — 
a aV 2h (5) 


That is, to inertial motion (and also to any motion with a constant 
value h of the kinetic energy) there corresponds in the coordinate 
space (9, .. -,@,) a uniform motion of the representative point with 
velocity V 2h. 
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In accordance with the principle of least action, the geodesic lines 
are extremals* of the variational problem 


5w* = (6) 


where W* is the Lagrange action. However, in the case under 
consideration we have the energy integral T—h with fixed value 
of h both for the straight-line path and for a circuitous path. 
Therefore, 

t 


We | 20 dt =2h(t—t) =V dhs (7) 
to 
where s =) 2h(t—t)) isthe length of the curve in the coordinate 


space (41, ..., Qn). 
The variational problem (6) takes on the form 


qj 
Os == {V3 sudan 2 ain dq; qn = 90 (8) 


t,k=1 


Thus a geodesic line is distinguished by the fact that the are 
length of the curve has an extremal (stationary, to be more precise) 
value as compared with the arcs of other curves having the same 
end points as the geodesic line** (see Fig. 35 on page 145). 

When for a straight-line path the Lagrange action is a minimum, 
the arc length of the geodesic is less than the length of any other 
curve connecting the same points as does the arc of the geodesic. 

That is why geodesic lines are also called the shortest lines in space. 

Now consider a conservative system, i.e. a scleronomic systein 
with potential energy Il = Il (q, ..., g,) not explicitly dependent 
on t. Then, = (15) and (19) of the preceding section, 


q; Ee Sn a Soe 
=| Vea If) dg, = 1V a Il) y aindgidqn (9) 


gy t,h=1 


Therefore, the molion of a conservative system with a given value 
of total energy h is accomplished in a coordinate space along the 
extremal of the variational problem (with fixed end points): 


(q;) 
ot (h ~M) 5 aix dg; dq, =0 (10) 


\ t,h=t 


* That is, curves ror which W* has a stationary value. 


t* This always occurs when the ends of the arc of a geodesic line are suf- 
ficiently close together. 
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Comparing (10) and (8) we conclude that for a conservative system 
the trajectories of straight-line paths are geodesic lines in a coor- 
dinate space with the metric 


Caton) 21 | Mik dq; @qp, (11) 


22. The Universal Integral Invariant of Poincaré. 
Lee Hwa-Chung’s Theorem 


Now consider the integral r=§ » pidg: — Hot | round the 
i==1 


contour C consisting of simultaneous states of a system. Such 
a contour results if a tube of straight-line paths (see Fig. 33 on 


Pr 


fr 


Gr 
Pig. 36 


page 100) is cut by a hyperplane t=const. For such a contour, 
6¢=—0O and the basic integral invariant takes the form 


= 3S pidai (1) 
ix1 


This integral was first introduced by Poincaré. Later, Cartan exten- 
ded the integral to contours consisting of nonsimultaneous states 
by introducing an additional summand —Hét. 

Poincaré’s integral invariant J, does not change its value if the 
contour C is displaced along the tube of straight-line paths to the 
contour C’ which again consists of simultaneous states. It is conveni- 
ent to consider the integral J; in the ordinary (nonextended) 2n-di- 
mensional phase space (q;, Pi, - - -; Gn; Pn). In this space, to the con- 
tours C and C”’ (Fig. 33) there correspond the contours D and D’ 
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bounding the tube of “straight-line” paths (Fig. 36). Here, 


n n 
§ > pia=® >) Bidgi 
D i=t D’ ix1 


Note that one of the contours D and D’ (say D) may be chosen quite 
arbitrarily. It may be taken that the points of the contour D are 
different states of the system at one and the same instant of time f; 
then the corresponding states of the system at time ?’ will form the 
contour D’, 

In place of the phase space we consider m separate phase planes 
(qi, pi) i = 1, ..., ”). Project an arbitrary closed curve (contour) 


Gi 
Fig. 37 


D situated in the phase space onto these planes (Fig. 37). We get the 
contours D; (j= 1,..., n). Then for any i 


§ piiqi= § pdiai= +S; (2) 
D Dj 


where 5; is the area of the region bounded by the contour D; in the 
plane (g;, Pi:) (} = 1, .-.., m). The sense of circulation about the 
contour D induces the sense of circulation on the projection D;. 
In formula (2) the sign before S; is plus if the circulation of D; 
is clockwise (that is, in the direction of the shortest turn of the axis 
p; to the axis q;), and it is minus otherwise. 

Then 


n n 
1.=§ > pida= > +S: (3) 
t==1 i==1 


Thus the contours D and D; vary during the motion of the system, 
and the areas S; also vary, but the algebraic sum (3) of these areas 
remains constant. That is the geometrical interpretation of the inva- 
tiance of the Poincaré integral. 

H does not appear in the expression for 7,. Consequently, Poin- 
caré’s integral J, is invariant with respect to any Hamiltonian sys- 
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tem. That is why the integral J, is called the universal integral 
invariant. 


The following proposition may likewise be readily proved. 
If for some system of differential equations 


AE =Q; (t, Dk, Pr), PL == P; (t, Phy Pr) (i= 1, es 9g n) (4) 


the integral 7, is invariant, then the system (4) is Hamiltonian. 
Indeed, in this case 


0=21,= ¥2 x (Ft 69: + riz 841) = 


= § 3 (Son nt) —§ 3 (fou 0)» 


= 55 Dd (Pida—Q:5p1) 
i=1 


From this it follows that the expression under the integral sign is 
a total virtual differential of some function — JH (t, qa, pr):* 


oa 6qi— Q:6p:) = —6H (ft, da, Pr) 


iMe 


that is 
OH OH 
od aca re i= "Fa, Gi=4, , 2) 


and the proof is complete. 

Note the following terms: the Poincaré-Cartan integral J and 
the Poincaré integral /, are called relative integral invariants of the 
first order. The term ‘relative’ means that the domain of integration 
is a closed contour and the ‘first order’ implies that the differentials 
enter linearly in the expression under the integral sign. Note that 
the relative integral invariant of the first order J, may, by means 
of Stokes’ formula, be represented in the form of an absolute integral 
invariant of the second order: 


Lyscrng tt 

$> 5 A,6x;= j J 2 ( =< st) 62,624 (5) 
i=1 7 

* Here, aby (= bats 6p: : 


i=1 
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where the integral on the right is taken over the surface S bounded 
by the closed contour D. 
This formula, as applied to the integral /,, yields 


I,= | { 3 57:64; 


In 2n-dimensional phase space there are known to exist the fol- 
lowing universal relative integral invariants fo,-, of odd orders 
and the absolute integral invariants J, of even orders, 


1L=§ >) P6qi =J2= {| > bpiddi 
{3 = qi >) pi6q:6 P2842 = J, = j \f j >, 6p:8q:5 padqn 


Pee ee ee eT 


Ton = (=) >», Pi,SQiy ces Opin Sin a 


J 5 \ vied \ bpisSqiy --- OPindGin 


In 1947, the Chinese scientist Lee Hwa-Chung proved the unique- 
ness of these universal integral invariants. He demonstrated 
that any other universal integral invariant differs by a constant factor 
from one of the enumerated integrals. 

We shall need the Lee Hwa-Chung theorem later on for an integral 
invariant of the first order; we therefore formulate the theorem for 
an arbitrary mn and will prove it for n = 1. 

Theorem of Lee Hwa-Chung. [7 

n 


I =§ [Ai (t, Qa, pa) Qi + Bi (t, Ma» Px) Opi] 
ix4 
is a universal relative integral invariant, then 
V=cl, (6) 
where c is a constant, and I, is the Poincaré integral. 
Proof. Let 


r’ =§ A(t, q, p)dq-+ B(t, q, p) 8p 


be a universal integral invariant. The integration is taken round 
a closed contour in the phase plane (q, p). Further, let there be given 
some Hamiltonian system of differential equations with the function 


H(t, q, p): 
() a P) dq oH dp —s «ot (7) 
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The general solution of this system is of the form 


Q=4(t, do, Po), P=P(E, Go, Po) (8) 
where gg, po are the initial values of g and p for t= fy. 
Let 
1=o(), p= Po () (9) 
[D<a<Jb; qo (0) = 40 (2), Po (0) = po (1)) 
be the equations aa the closed contour Dy in the phase plane (Fig. 38). 


The points which at the time ¢ = ¢) were located on the conlour Dy 
form the contour D at some other arbitrary instant of time ¢. The 


Fig. 38 


parametric equations of this contour are obtained from the equalities 
(8) if qo and pp are replaced by their expressions (9). This yields 


q=q(t,%), p=p(t,a) (O<a<l) (10) 


Putting these functions in the integral J’ in place of q and p, 
we get /’ as a function of the parameter ¢. From the invariance 
of Lf’ it follows that = Q. Differentiating under the integral 


sign and integrating by parts* we find 
al’ dA dB d d 
O=o $= bq me i Bo bp= 


=§ & bq 4 3 bp ¢ 481+ 88 = 
dA dq dp 
= 44 pq p40 4 at § p08 a= 


=§ [(2-B) E+] (HH) om 
- Cee 72H, 2B) gp 


* See the aaa Pius page 103. When ae transformations, we 


7 


assume §.4=—— 6 +5 8 and 6B= “3 dg + <2 dp and then use the equ- 


atious (7). 
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The last integral is equal to zero for any value of the variable 
t considered as a parameter and for an arbitrary path of integration. 
Therefore the expression under the sign of the integral must be a to- 
tal differential with respect to the variables gq and p. From this, 
a OH 0A\ 9 OH 0B 
GO ag Pee on (oe ope ae) 


or, after elementary transformations, 


OZ OH OZ OH OZ 
oe qe ag, Oe a 


Since the function H may be chosen quite arbitrarily, it follows 
that 


Op ~ aq ot =0 
that is, 
0A OB _ 
L= 7 — Gq = const = 
Then 


@(A—ep) _ 0B 
ap ~ 0g 


and, consequently, there exists a function @(t,q, p) such that* 
0 
(A—cp) 6q-+ Bop => 644 2 dp=5@ 
q P 
But then 
Aég + Bép=cpbq +50 
and therefore 
I’ = Adq + Bsp=c G poq=cl, 
which completes the proof. 
For n> 1, the idea of proof is retained, though the proof itself 


becomes more involved. 


* Here, the time ¢ is taken as a parameter. 
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23. Invariance of Volume in the Phase Space. 
Liouville’s Theorem 


We consider the “total” absolute integral invariant 
7 = \ ae \ 518d, «-» Opn8Gn (1) 


The invariance of this integral implies the invariance of the phase 
volume in a 2n-dimensional phase space and is established in the 
following manner.* 

Let us write down in the following form the final equations of mo- 
tion that result after integration of Hamilton's equations: 


gi =4i (t, gh, Ph)» Di=pilt, Gry ph) 
(i=4,...,n) (2) 


where gi, p, are the initial values of g,, p, fort = t) (Rk = 1, ..., 7m). 

In phase space we choose some volume J» and take each point 
of this volume as the initial point (for ¢ = ¢)). Then by time ¢ the 
transformation (2) will have carried the volume J, into the volu- 
me J. Here, 


fx \ nie j Tdq°%Sp° .. . 8g%3p% (3) 
Neen, aroma! 
Jo 
where 
0 (94, Pty -++» Inv Pn) 


l= 
0 (9%, Po, «++, G9. pe) 


that is, f is the Jacobian composed of the partial derivatives of 
Qj, py with respect to the initially given q?, p? (i, j= 1, ..., n). 
Without loss of generality, we can consider that the Jacobian under 
the integral sign in (3) is positive and we can drop the absolute- 
value sign. 

When ¢ = 2%, this Jacobian is equal to 1 since for this value of ¢ 
all the q, = qp and the p, = pz. When ¢ varies, the Jacobian varies 
continuously without vanishing, since the singular points at which 
this Jacobian might vanish are eliminated from our consideration; 
i. e. it is assumed that there are no such points in the volume under 
examination. Then the Jacobian is positive in this volume.** 


* Henceforward (see Sec. 31) the invariance of the phase volume will be 
established on the basis of the general properties of motion of Hamiltonian 
systems. 

** No assumptions concerning singular points are required in the proof on 
pages 161-162 mentioned in the preceding footnote. 
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onan) with respect to ¢ under the integral sign we get 


whew he ) Sle 7 eg 81 8Pa Suc8pR 


Compute the derivative of ae Jacobian /: 
an 
dl 
| dt eg ~ py | qi; lr=to 
i=1 


where /; is the determinant obtained from the Jacobian by differen- 
tiation of the ith row. Now etd into account that 


1° for i<j mee =0 
oT =a Op} t=to 
2° for any i at =| ser be 
OP? |t=to a 
O° for any i | ca =| er ane 
O93 |t=tp | OPE an 
we find 
aq; 
Tilo =|on | for (=14,...,n 
| | " oq} t=1o ; 
and 
|Z heat =| Spr for ix=n+i1,...,2n 
OPP ltt 
therefore 
37 an n Pe a 
= = 24 pi es 
Fr te a | fi |t=t0 = pa I 0q? + dp? dead 
i=1 ix1 
n n 
= [ 0 0Hy 9 atte). @2Hy 02H 
’ x a Laan ap ap} apnant | = 
ie i — 
dJ 
Thus (=), or —(. Since the initial instant fp may be chosen quite 
arbitrarily, it follows that for any ¢ 
dJ 


which is to say that the magnitude of the phase volume J does not 
change upon a displacement of the points of this volume from 
states occupied at time fy to states occupied at any other arbitrary 
instant of time ?. 
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From the invariance of the phase volume there follows one of the 
basic theorems of statistical mechanics, Liouville’s theorem. 

Imagine a very large number of absolutely identical replicas 
of a system differing from one another solely in their initial states 
gq, pi (i = 41, ..., m). All these replicas form a statistical ensemble. 

An instance of a statistical ensemble is the collection of mole- 
cules of a gas in a given volume. 

To each volume element dV of the phase space we can assign a 
“mass” du that describes the quantity of replicas per given element of 
volume dV. By virtue of the proved invariance of volume in phase 
space, the magnitude of dV does not change with time. Physical- 
ly speaking, the magnitude of du does not change either, since the 
replicas which at some time are in the volume dV will be displaced 
together with the volume. That is why the density of the statistical 
ensemble remains unchanged during motion: 


qi in 
0 (ls diy Pi) =F (5) 
i.e. 
l 
ae 6) 


In expanded form, equation (5) may be written thus (see Sec. 15): 
7) ' 
or + (pH) =0 (6’) 


where (pH) is a Poisson bracket. According to (6), the function 
e (tf, 9:3, p;) is the integral of motion. 

We have thus proved the following theorem. 

Liouville’s theorem. The density of a statistical ensemble is always 
an integral of motion. 

Thus, for example, for a conservative system any function of the 
energy of the system may serve as the density of the statistical 
ensemble. 


CHAPTER 4 


Canonical Transformations and the 
Hamilton-Jacobi Equation 


24, Canonical Transformations 


The transformation of coordinates in a 2n-dimensional phase space 
(containing, in the general case, the time variable ¢ as a parameter) 


i= 4i (t, qh, Pr) (i=1 i (41; Pia eee y Gn: bn) 0) (1) 
pi = pi (t, diy Pr) ee O(94, Pais +++s Iny Pn) 


is called canonical if the transformation carries any Hamiltonian 
system 


dq: 0H dp; OH 
ape ae a (641, cyt) (2) 


again into a Hamiltonian system (generally speaking, with another 
Hamiltonian function H): 


igi Of dp; oH. 
mets ——_ ta. ’ i SS en (i = 1, eaey n) (3) 
Pi Ogi 


The importance of studying canonical transformations is due 
to the fact that these transformations permit replacing a given 
Hamiltonian system (2) by another Hamiltonian system (3) in which 
the function H is of a simpler structure than H. 

If in a phase space we perform two canonical transformations 
in succession, the resulting transformation will again be canonical. 
Furthermore, a transformation that is inverse to a certain canonical 
transformation will always be canonical, and the identical transfor- 
mation 9; = 9i, Pi = Pi (i = 1, ..., m) is canonical. Therefore, 
all canonical transformations taken together form a group. 


Example 1. The transformation 
Gi=291, Pi=Bri (i= 1, ..., r; aH 0, BO) 


as may readily be verified is canonical. It transforms the system (2) into 
the system (3) with 


H=apl 
Example 2. The transformation 
G=ep:, i=Pqi (i=1,..., m5 «#0, B #0) 


will be canonical. In this case, 
H=—oaSH 
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Example 3. The transformation 
Gi=pitant, Pi=% cott (i=14, ..., R) 


will be canonical because it is readily verifiable that from the equations (2) 
we always get equations (3) for 


nr 
ww 1 =~ a 
H=—H+ t cos i qi Pi 
=f 


To derive the conditions under which the transformation (4) 
is canonical, we consider two extended (2m + 1)-dimensional phase 


spaces (qi, Pi, t) and (qi; p;, t), one passing into the other under 


Fig. 39 


the canonical transformation (1), and two tubes of straight-line 
paths of Hamiltonian systems (2) and (8) (Fig. 39). 

Let us take two arbitrary closed contours C and C that bound 
these tubes and correspond to one another by virtue of the transfor- 
mation (1). Furthermore, cut both tubes with one and the same hyper- 
plane ¢ = const. In the cross-section we get two “plane” contours 
Cy and Cy. These contours likewise pass one into the other under 
the canonical transformation (1), since the quantity ¢ remains un- 
changed in a canonical transformation. From the invariance of the 
Poincaré-Cartan integral it follows that 


n 


b » Pi9qi — Hot] = b Pda: (4) 
C i=l ! 


Co i= 
$ [3 nea — Hee] =§ ¥ ha f 
¢ 1 @ i=t 


9—3420 
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On the other hand, if in the universal integral invariant 


nr 
§ a piog; we pass to the variables gi, Di (i= 1, ..., m) by means 
of the canonical transformation (4), then this integral will pass 
into a certain universal integral invariant of the first order 


in 2n-dimensional phase (q;, p;)-space; by the theorem of Lee 


Hwa-Chung, the invariant obtained can differ from & >, pi8q; only 
i-=4 


in the constant factor c. Therefore 


§ ¥ pidqi =e § y pid (6) 


Co i=1 Co i=1 


From the equations (4) to (6) it follows that 
§ [ > ri6a:— 62] = & [ D>} pidai— 68] (7) 
a i= C i=1 


If in the first integral we consider the variables Gisietag. De 
to be expressed in terms of the variables q,, ..-, Pn (here, the path 
of integration C is replaced by the path of integration C), then 
the equation (7) may be written as 


§ bp pidg: — Ht | —¢ be pibg: — H6e | —0 (3) 
C i= i=1 


But C is an absolutely arbitrary contour in a (2n + 1)-dimensi- 
onal extended phase space. Therefore the expression under the 
integral sign in (8) must be a total differential of some function 


of the 2n + 41 arguments qj, Py, -. +) %> Pn and ¢. We will find it 

convenient to denote this function in terms of — F (t, q;, pi); then* 
s p:dq; — H8t =c ( > p,dqi — H6t) — 6F (9) 
i=1 ixt! 


Note that the constant c in the identity (9) is always different 


from zero, c=£0, since the expression > pibgi — H8t is not a total 


differential** and therefore cannot be eqtal to —O6F. 


n 
or OF OF 
* Here, 6F = >; (Sr 81-+Z5- bpi) +5; ot 
i=4 
** With respect to the independent variables 9:, Pir t and, hence, with 
respect to the independent variables g;, pi, ¢ (¢=1,...,7). 
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We shall call the function F the generating function, and the 
constant c the valence of the canonical transformation (4) under 
consideration. The canonical transformation will be called univa- 
lent if for it c = 1. 

A necessary and sufficient condition for the transformation (1) to be 
canonical is the existence of a generating function F and some constant 
¢ for which the equation (9) is identically satisfied by virtue of the trans- 
formation (1). 

Note. If the transformation (1) is canonical, then there exist 
a generating function F and a valence c + 0 such that the equation 
(9) holds for any function H and the corresponding function H. 
However, if (9) holds for one pair of functions H and H, then trans- 
formation (4) is already canonical.* 

Indeed, in addition to H take another arbitrary function A, 
and define H, from the condition 


H,—Af =c(H,—H) 


Multiplying both parts of this equation by 5¢ and subtracting 
termwise the resulting equation from (9), we get 


Thus, (9) holds for any function H, and the corresponding func- 
tion H,. 

Canonical transformations are sometimes also called contact 
transformations. 

In the literature, only univalent canonical transformations are 
frequently considered, and many authors erroneously hold that 
these transformations exhaust all the transformations (1) that carry 
Hamiltonian systems again into Hamiltonian systems. These authors 
do not notice the arbitrary constant factor c which must figure 


in the general formula for an arbitrary canonical transformation. 


* It does not follow from this however that a canonical transformation may 
be defined as a transformation that carries one given Hamiltonian system into 
some other Hamiltonian system. oo) ds 

Thus, for example, the arbitrary noncanonical transformation g; = q; (gp, 
Ph), Pi = Pi(qey Pr) (© = 1, ..., m) carries the Hamiltonian system with 
H = 0 into the Hamiltonian system with H = 0, 


Q* 
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25. Free Canonical Transformations 


Let us investigate in more detail the so-called free canonical 
transformations. These transformations are characterized, in addi- 
tion, by the inequality 


6 (41, eany an) 0 4 
O(Piy -++s Pn) ae (1) 
that ensures the independence of the quantities ¢, q,, ..., Qn) 


91, » ++) 9, Which can now be taken as the basic variables.* Indeed, 
this inequality enables us, using the first nm equations (1), Sec. 24, 
to express the generalized momenta p,, ..., Py in terms of 2n + 4 
quantities ¢, 9:, 9; (i = 1, ..., m) and, consequently, to represent 
any function of the variables ¢, g;, p; (i= 141,..., m) as a function 
of the variables t, q;, q; (i = 1, ..., m). In this case it may be taken 
that the generating function is represented as a function S of these 
variables: 


F(t, diy Pi) =S (ty Qi, Qi) 


Then the basic identity (9) of the preceding section will 
be written as 


n n 
2 Pid: — H8t =e ( D) pidqr—H8t)—8S (t, gi, 0) (2) 


Equating the coefficients of 59;, 6g; and St on the left and the 
right, we get the following formulas 


os os ~ 7 
Sqr PE “ee (i=1,..., n) (3) 
= cH += (4) 


Equations (3) define the canonical transformation under conside- 
ration. We shall show that they can be reduced to the form (4), 
Sec. 24. 

The partial derivatives — (iz=1,..., m) on the left-hand sides 

t 
of the first m equations (3), as functions of the quantities q,, ..., Qn 
are independent because by virtue of (3) the relation** 
as as 
(Sac eoey oan! Giy sey gn) =0 


e ei the case of a nonfree canonical transformation, the quantities ?, q;, 


qi (i= 1, ..., 2) are connected by certain relations. 
** te this relation, the quantities q;, ..., g, are taken as parameters. 
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would pass into the equality 


Q (cpr, eee, CDn, G1y +e oy Gn) == O 
but this is only possible when Q = 0, since the coordinates of a point 
of phase space q;, p; (j= 1,..., m) are independent quantities. 


From the independence of the derivatives s (i= 14, ..., ”) con- 
t 


sidered as functions of the variables g,, ..-, g, it follows that 
the Jacobian of these functions is not identically zero. Thus, for 
the generating functions S of a free canonical transformation the 
determinant must be different from zero, i. e.: 


e28 n 
det (———— 0 5 

From the inequality (5) it follows that the first n equations (3) 
may be solved for 9; (j= 1, ..., m) and thus all the new phase 
variables qi, pi (i=1,..., n) may be expressed in terms of the 
old variables g;, pi (t=1,..., ”). The transformation of the 


form (1) thus obtained will be reversible, i.e. for it ye = 0) 
> ee ey n 


since by virtue of inequality (5) the last m equations of (3) may 
be solved for g; and, consequently, all the q;, p; may be expressed 
in terms of gi, Di (i=1,..., ~). Thus, the equations (3) define 
a free canonical transformation with a given generating function 
S(t, qi, 9;) and with a given valence c-«0, while the formulas (4) 
establish a simple relation between the Hamiltonian functions H 
and f. 

By running through the different generating functions S that 
satisfy the condition (5), and the different valences c= 0, we can 
obtain all the free canonical transformations* with the aid of the 
formulas (3). 

For univalent (c = 4) free canonical transformations, the formu- 
las (3) and (4) take on a simpler form: 


as as ~ 
Gq; Pe a Gi =4, erry n) (6) 
and 
ow os 


The Jast equation shows that after applying one and the same 
free univalent canonical transformation to various Hamiltonian 


* For nonfree canonical transformations there exist defining formulas si- 
milar to (3). These formulas will be established in Sec. 29. 
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systems, the difference between H and H will be one and the same 
(equal to =) in all cases. 


From (4) it follows that H = cH when and only when a = (, 


i.e. when the generating function S does not depend explicitly on ¢. 
In this case, by virtue of (3), the time ¢ will not enter explicitly 
into the formulas of the canonical transformation. Under such 
canonical transformations the function H does not change essential- 
ly, it is only multiplied by the constant c. For this reason, if we 
desire to obtain a new system with an essentially simpler Hamilto- 
nian function, we must definitely take a free canonical transforma- 
tion containing the time ¢ as a parameter. 


Example 1. On page 128 we considered three canonical transformations: 
(1) gi=aqi, Pi=Bpi; (2) Gi=api, Pi=Bai; 
(3) gg=pitanf, pzj=qjcott (i=1,..., 2) 
The transformations (2) and (3) are free. They have generating functions 
n n 
and vajences, respectively, S= —f >, didi, C= —aaB, and S= —cott > qi: 
i=1 i=1 
c= —1. But the transformation (1) is not free. For it, c=aB, F =0. 


Example 2. Consider an arbitrary affine transformation of the phase 
plane (q, p) (with »=1): 


q=aq+Bp, ! 

P=O49+8,p (aby —ouf + 0) 
Put the right-hand sides of (8) into the basic identity (9) on page 130. 
Since the variable ¢ does not enter into the right-hand sides of (8), we shaJl 


also seek F in the form of a function not dependent on the time explicitly: 
F =F (q, p). Then the basic identity will take on the form 


(419+ Bip) (a5q-+- BO p)—cpdq= — dF 


(8) 


or 
1 1 
$ (+ ances 9? + —5— BBP? + a, B9dp + (af; —e) pdqg= — OF 
The Jeft-hand side of this equation will be a total differentia) provided that 


c= af,— O48 
Thus, the transformation (8) is canonical with vajence c, equal to the deter- 
minant of the transformation, and with the generating function 
1 P| ; 
F= py AOI" BB, p? + asap 


This transformation wil) be free if B -# 0. 


Example 3. The transformation ¢= Va cos 2p, p= Vq sin2p is a free 
univalent canonica) transformation with the generating function 


1 qd ia = 
S =— q arc cos ft ie q Vi-@ 
2 Vq 2 
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For a natural system, the coordinates q,, ..., gn define the 
position of the system, and together with the momenta p,,..., Dn 
they define the state of the system, that is, the positions and velo- 
cities of its points. This specificity of the coordinates is lost in 


a general-type canonical transformation. The quantities g,, ..., dp 
no longer define the position of the system, and only together with 


the p,, ..., px do they define the state of the system. The variables 


Qi, » ++, Gq Will as before define the position of the system only 
in the particular case of a point canonical transformation for which 


the functions q; (t, x, Px) actually do not contain the momenta: 
qi= Q(t, Qn) (=1) nay 8) 


Note that subsequently the transformation of an arbitrary Hamil- 
tonian system into a system with the function H of simple struc- 
ture may be effected with the aid of a free canonical transformation. 
But a free canonical transformation is not a point transformation. 
Thus, nonpoint canonical transformations play an essential role 
in the theory of Hamiltonian systems. 


26. The Hamilton-Jacobi Equation 


The theory of canonical transformations leads us directly to the 
Hamilton-Jacobi equation. 

Let there be given a holonomic system whose motion obeys the 
canonical equations of Hamilton: 


daqi _ OH dp; ___— oH - 
ie = os aE eae (i=14,..., 7) (1) 
We shall try to determine a free univalent canonical transfor- 
mation such that in the transformed Hamiltonian system 


Fae er (iat, ..., n) (2) 
the function H will be identically zero: 
H=0 (3) 
Then the system (2) is integrated directly: 
qi = C1, pi =B; (4) 


where a; and f; are 2n arbitrary constants. Knowing the canonical 
transformation, i.e. the relation between q;, p; (i= 1,..., n) 
and q;, p; (i = 1, ..., m), we can express al] the g; and p; a8 func- 
tions of the time ¢ and of the 2n arbitrary constants a,, 6, (k = 
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= 1,..., 7), that is we can find the final equations of motion of 
the given holonomic system completely [all the solutions of the 
system (1)]. 

How are we to determine the canonical transformation that 
we need? To do this, by virtue of formula (7) of the preceding 
section, it is necessary and sufficient that the equation 


oP +H (t, Qt, pi) =0 (9) 


hold for the generating. function S (é, q;, Qi) of the desired cano- 
nical transformation. This, together with the formulas (6) of the 
same section, yields 


SS +H (t, qt, S$) =0 (6) 


The resulting partial differential equation (6) is called the Hamil- 
ton-Jacobi equation. Thus the generating function S (¢, q;, q;) with 


basic variables ¢ and q; (the g; are regarded as parameters) satisfies 
the partial differential equation of Hamilton-Jacobi. Besides the 
Hamilton-Jacobi equation, the condition 


: ( nik I, h=1 ae (7) 


must hold for the generating function S(t, qi, q). 
As soon as the generating function S(t, q;, qi) is found, the 
formulas 


os os cand ' 
oa; = Di, rr aaa (=4)2 seq 


will define the sought-for free canonical transformation. If in these 


formulas we replace the q; by a; and the p; by Bi, we will get the 
equations of motion of the given holonomic system in closed form. 
This whole process is more conveniently described if from the very 


start the q; in S are replaced by a; (i = 4, n). 

We introduce a definition. The solution S (¢, qi, & a1;) of the partial 
differential equation of Hamilton-Jacobi containing n arbitrary 
constants a, ..., Oy is called the complete integral of this equation 
if the condition 

azS \n 
act ha arf h=4 7 (8) 
is fulfilled. 

Now let us formulate the theorem we have proved. 

Jacobi’s theorem. If S (t, q:, a;) is some complete integral of the 
Hamilton-Jacobi equation (6), then the final equations of motion of 
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a holonomic system with the given function H may be written in the 
form* 


as os . 
Oq, Pe $f ee eee n) (9) 


where a; and f§; are arbitrary constants (“i = 1, ..., 7). 

Thus, a knowledge of the complete integral of the partial differen- 
tial equation (6) relieves us of the necessity of integrating the 
system of ordinary differential equations (4). The problem of inte- 
grating this system is replaced by an equivalent problem of seeking 
the complete integral of the partial differential equation of Hamil- 
ton-Jacobi. 

Note. The general solution of the partial differential equation 
depends on several arbitrary functions. For this reason a complete 
integral of the Hamilton-Jacobi equation is by no means a general 
solution. A complete integral embraces only a small number of so- 
lutions when compared with a general solution. It is nevertheless 
possible, on the basis of a complete integral, to restore the initial 
equation (whence the name “complete” integral). Indeed, differen- 
tiating the complete integral, we get 


as ; 
ear (f, Qky On) (i= 4, snag n) (10) 
os 
sr =h (Z, Gk» On) (14) 
If the complete integral S(t, qx, a) is known, then the func- 
tions f; (t, Gx, @a) (i =O, 1, ..., m) are also known. From relation 


(10) it is possible to express every a, in terms of the partial 


derivatives 5 , £ and q since, by virtue of condition (8), 
Ut 


O(f4, «+25 fr) gS \n 

O (04, ..-, On) = det ( Ogi On ); eae 0 (12) 
Putting the expressions obtained for a, into (11) we get the initial 
partial differential equation (6).** 

As an instance of a complete integral of the Hamilton-Jacobi 
equation, we consider what is called Hamilton’s principal function. 
To do this, we return to formula (7) on page 99 and to Fig. 33 
on page 100. We now consider only the special case when f) (a) = 
= const =‘to, i.e. we assume that the contour Cy, consists of the 


* Here, in place of the arbitrary constants —f; we write simply B;. By virtue 
ot the condition (8), the last n equations (9) may be solved for g; and we can 
expresS qi, ..., g, as functions of ¢ and the 2n arbitrary constants a;, B;. 

** It may be considered that the complete integral S also contains an (n + 
+ 1)st additive arbitrary constant-a,4;, since only the derivatives of S enter 
into equation (6) and not the function S itself. 
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initial states of the system when ¢t = to. Besides, in place of ¢,, 
qi, pi, Hy we shall write simply ¢, q;, p:, H. Then, if W is the 
action along a straight-line path (i.e. along the generatrix of the 
tube) from the initial point (¢ = to) to the terminal point correspon- 
ding to the given value of t, we get 


8W = DY) pidqi— Hot — >) p'Sq! (13) 
i=4 i=1 
If we take advantage of the final equations of motion 
i=: (f, hs , 14 
qi=i (ts hy Pr) = (14) 


= pi (t, gh, Ph) (10) 


and in place of q;(t) put their values (14) into the expression 
for the action 


t 
W = \ L(t, a, qi) at 
to 


then W will be a function of ¢t, qi, p? (i = 41, ..., m). Hamilton 
proposed using the final equations of motion (14) to express p} 
in terms of ¢, g? and q; and thus to represent the action in the form 


W=Wit, qi qi) (16) 


The action W given in the form (16), i.e. in the form of a function 
of the initial coordinates, the terminal coordinates and the terminal 
instant of time ¢, is called Hamilton's principal function. Considering 
that in (13) W is Hamilton’s principal function, we get (on the basis 
of this equation) 


aw aw . 
ge Pt ag = oes) (17) 
and 
aw 
“Ot =< = —H (t, Qi» pi) (18) 


From the equations (17) and (18) it follows that Hamilton’s 
principal function satisfies the Hamilton-Jacobi equation 


aw ow 

Sr tH (t Qi, 55) =9 (19) 
and the relations (17) are the final he aga of motion containing 
2n arbitrary constants qf, p? (i = 41, ..., n). 


Thus, Hamilton demonstrated how the final equations of motion 
are written by means of a complete integral of the equation (19). 
However, in Hamilton's case this complete integral was not arbit- 
rary; and the arbitrary constants in it were the initial values of the 
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qi and the p}. The result was a vicious circle: to write the final equa- 
tions of motion (17) one needs Hamilton’s principal function, and 
to construct this function, as has already been demonstrated above, 
one needs to know the final equations of motion. 

Jacobi’s contribution consists in the fact that he continued Hamil- 
ton’s investigations and broke the vicious circle. He demonstrated 
that the final equations of motion might be written in the form (9) 
by means of an arbitrary complete integral S (t, q;, a;) of the Hamil- 
ton-Jacobi equation. 

Let us return to the identity (143) and compare it with the identi- 
ty (2) on page 132. It will be seen from this comparison that the 
formulas (14) and (15), which are the final equations of motion and 
which express the Hamiltonian coordinates g;, p; of the state 
of the system at time ¢ in terms of the initial coordinates q), ..., p>, 
may be regarded as a free univalent canonical transformation from 
the variables gf, p? (i = 1, ..., m) to the variables q,, p, (k = 
== 1, ..., nn); —W is the generating function of this canonical 
transformation, and W is Hamilton’s principal function.* 

Thus, a transformation of phase space carried out by means of the 
motions of any Hamiltonian system is canonical (and also free and 
univalent). 


Example. Form the Hamiltonian function for the inertial motion 
of a free particle. In this case (assume fp = 0) 


t=to+29t, y=YotYot, 2=29-+2ot 
and so 


t 
Wa | +P +E) aE GT Bt =F e—ayt + 
0 


+ (y— yo)? + (z—29)?] 


[f we proceed from Hamilton’s principal function that we found 


W= x (x — Zo)? + (y — yo)* + (2 —Zo)?] 


then the equations of motion are obtainable from the formulas (17), which 
in the given instance appear as 


OW  _ r—ZXo, 9 OW dt 0 
Re at ra Px Gay i 
OW _ on Yayo ow y—Yo 
Py =G Mm oa Pio, 
_ ow Z— 2g 6 2 Z—~Zy 
a i Le) ea 


* For the inverse canonical transformation from the variables ¢;, p; to the 
variables g°, p?, Hamilton’s principal function W will be the generating func- 


tion. 
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Suppose we have a generalized-conservative system (47=0) ; 
Then the Hamilton-Jacobi equation has the form 


Sen (a 2) =0 en 


and its complete solution may be found in the form 
S=—ht+V (q, see9 Uny O1y «+ +9 Ant, h) (24) 


where Ah and a, ..., On_4 are arbitrary constants. 
Putting this expression for S in equation (20), we get the follo- 
wing equation for determining the function V: 
av 
H(q, Sn) =h (22) 
Finding the complete integral of this equation, i.e. the solution 
V (qij Oy -.+, Ona, 2) for which the inequality 
02V n = 
det (Sargar )e ae + 0) (Qn =h) (23) 
holds, we obtain with the aid of formulas (9) and (24) the following 
final equations of motion of a generalized-conservative system: 


av ‘ ' 

tq Pt (eee n) (24’) 

aV , 

ta, ~ Ps (j=1, ’ n—\1), 

OV ” 

ah ee (24”) 
where «;, By (f =4, ..., 2 — 1), 2 and y are arbitrary constants. 


By virtue of the condition (23) the coordinates q,, ..., d, may 
be determined from the equation (24”) as functions of t and the 2n 
arbitrary constants a;, B;, kh and y. Putting the expressions obtained 
into equations (24’), we get similar expressions for the generalized 
momenta p; (i= 1, ..., n).* 

In the case of a. generalized-conservative system we replaced 
equation (6) by equation (20), in which the number of independent 
variables is less by one. A similar reduction in the number of inde- 
pendent variables in the partial differential equation may be also 
accomplished when one of the coordinates is cyclic (ignorable). 

Let us consider at once the general case when several coordinates 
Im+is «+ +> Qn are cyclic. Then H= AH (t, q1, - ~~: Gms Ptr © + + > Pn)s 


* Using the first » — 1 equations of (24") it is possible to express n — 1 
coordinates in terms of the remaining nth coordinate and 2n — 1 arbitrary con- 
stants. We then obtain the equations of trajectories in coordinate space. The 
last equation of (24”) connects the coordinates with the time variable é. 
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and the complete solution of the Hamilton-Jacobi equation may 
be sought in the form 


S= Due Gide Soll, Gin 355; Guy Civ eee On) (25) 
For the function S, we get the equation 


as as Os 
SE+H (t, Gir cers Gms Ma? eee Fag? Omi, 2209 Gn) = 0 (26) 
If in a generalized-conservative system the coordinates Qm4i, -- +) Qn 
are cyclic, then the function S is sought in the form 


n 


S=—htt DY) aya tVo (ays ++) ms Oy, e+, Gn, h) (27) 
p=m+i 
where the function V, is determined from the equation 


av ; OV, 
H(a,-- » Ym» mt Fog 2 Cematy vos An) =h (28) 


27. Method of Separation of Variables. 
Examples 


We have shown that integrating a system of canonical equations 
reduces to finding a complete solution of the Hamilton-Jacobi equa- 
tion. The interest here is not only theoretical. It turns out that many 
problems of dynamics, including problems of interest in theoretical 
physics, may be conveniently solved in this way. 

We shall now examine the method of separation of variables 
for finding a complete solution to the Hamilton-Jacobi equation. 
This method is applied in cases when the Hamiltonian function 
H of a generalized-conservative system has a special structure. 

1°. Let 


H=G[fi (Qi. Pa)s -- +) En (Qns Prd] (1) 


Here, the variables in the expression for the function H are sepa- 
rated, i.e. only one pair of conjugate variables qg;, p; enters into 
each function f;. 


Equation (22) of the preceding section will now be written as 


Gli (a. ae ae +, fn( an > 5G, s-)|= =h (2) 
Put 


Filan Z-)aor (Pete... x) (3) 
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where 4, ..., &n are arbitrary constants. Then, by formula (4), 
the constant h may be expressed in terms of the constants a,, ... 
.; QO, aS follows: 


h=G (a4, ..+) Qn) (4) 
Solving (3) for <—, we find* 
Sr = Fi (qi, o4) (P= 4, 005 a), 
Vea) \ Fi (Gi, %i) dq (9) 
and _ 
SH 6 ayia amt \ F, (qi, 1) dq; (6) 


i=l 
In this case 


aS OF; aS ; 7 
Oqi 00; Oa; ’ OG; OaR =Q for isk (i, k=1,..., nm) 


and the basic condition 


g28 n ss 
oe Care spe e (1) 
reduces to the inequality 
aF; 
ta, 79 
i=1 
Since the relation 
fi (Qi Pi) = % (8) 
is equivalent to the equation 
pi= Fi (Gi, oi) (9) 
it follows that 
OF; Of; \-1 ; 
c= (55) #0 (i=4,..., 7) (10) 


* We assume that each function f;(q¢;, pi) actually contains the momen- 


tum p;, i.e. that slg 0. In this case equation (3) may be solved for 
zt 


Pi= a each function F; is a function of the two variables qj and oi; 
i 
PSe4. s6ag Hi 
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and condition (7) always holds. Therefore formula (6) defines 
a complete integral of the Hamilton-Jacobi equation. 
In the given case the final equations of motion 


os os ; 
Gq, PP Go; 7 Bt (t= f. Bserees n) (14) 
will be written as* 
0G , dq; 1) 
tape | (ey =Bis | 
Opi I py=F; (aj &;) f (42) 
Pi= F; (Qi, @ ai) (i= i, n) J 


Thus, the final equations of motion are found by quadratures. 


Example t. Consider an oscillator with one degree of freedom. Here 


2 ¢g2 
Bat a 
and, thus, 
p2. cg? 
f(P. N= = 3, 
and equation (2) is of the form 
1 (2 2 cq? 
in ag) +o 


Put ha; then 
S=—at+t \ VY 2ma— meg? dq 


and from the final equations of motion (11) we find the expression for 
the momentum. 


p= Vina megs (13) 
and the equation of motion itself will be written as 
1 dq 
t+ | ase =8 (14) 
oO V AH @ 


* In (5) and (6) by the integral ez (qi, &:) dq; we mean the integral 
Wy 
\ (9i, &;)dq; where the constant y; is fixed and is independent of the 


Vi 
values of the arbitrary constants a; then 


n 

a) fe) OF ; 
Gor by \ Fr (dk, kr) ddr = Bar \ Fi(@i, @)dqi= \ Sat 2a 
pe 


We then make use of (10). 
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where 


2a c 
At — —- ' Q? =— 
c m 


Noting that the integral in (14) is equal to arc sin + , we get the equation 


of motion in the following form: 


g=A sin @ (t-+ 8) (15) 
2°. Let 


H = gn{.- : 83{g2(8s (41, Ps); day Po), q35 Ps} s+ Qny Pn} (16) 
Then the equation determining V will be written thus 


Bn { -.. gs { eo[a(% Sa) Sac | > a = ae ans 5} = 


We introduce the arbitrary variables a,,...,On-, and on=h 
and, successively, put 


wy _ 
ga (a4, q2, Sq) =O (17) 


Determining from this the partial derivatives, we find * 


OV 
Oa, Gy (q1, O%); 
eV 
Aqg (dz, 4, Qe), 
a i oh os Mae 
Gay om (Qn; On-1; Cn) 
W hence 
V=> J Gig, os a) dq (18) 
i=1 
S = —ont + >) j Gi (qi, Gi-s, a) dq; (19) 
i={ 
8: 


* We assume that 


tion gi (Gi, Pi). : 

** Here and henceforward in this section, the indefinite integral is under- 
stood to mean (a8 in Item 1°) the definite integral with variable upper limit and 
fixed constant lower limit independent of a4, ..., ap. 


Op; 0, i.e. that p; actually enters into the func- 
t 


Sec. 27) Method of Separation of Variables. Examples 145 


Here 
2g 0G; FERS 


Oq;00; da; ’ Ogidap, = 
for i<ck(i, k=14,...,n) 


And so the condition (7) reduces to the inequality 


: 0G 
— 
which always holds since the equation 
Bi (inn, Gis Pi) =; (20) 
is equivalent to the equation 
Pi==Gi (Qi, 1-4, &i) (21) 


and for this reason 


a #0 (i=1,...,n) (22) 


00; OPi /py=G(aj1 Gy_4> %;) 
For what is to follow we need the expressions for the 
derivatives a. which are found from equations (20) and (24), 


OOi-4 
namely: 
Ogi 
0G; OMi-4 
=— 23 
OO j_4 O8i (29) 
OD; Di=G (G3, @y_qs Gj) 


Putting expression (19) into the final equations of motion (11) 
and taking into account the formulas (22) and (23), we finally 
get 


j a he 
a) 
Opi p,;=G, (Qs Gig as) 
ORi+4 
On; 
— d j om : 
\ Fra Vist = Bi 
ODist / Pig yr a(Qiggr Se F444) 
(i =4, ve .,n— 1), 
dgn —_ 
Sb =P \ (2). =P 
OPn Pr@=Gy(dy» Gp_y> G,) 


(24) 


\— a A A, Ae ame! 


10—3420 
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and 
Pi=Gi (ir G4, G1) (C= 1,...,7) (25) 


Here, the first n — 1 equations of (24) are equations for a family 
of trajectories in coordinate space; these equations contain 2n — 1 
arbitrary constants a4, ..., On, By, ---, Bn. The last equation 
of (24) contains a new arbitrary constant 6, and connects the coor- 
dinates g; with the time variable ¢. 

After substituting into equations (25) the functions gq; (t, ox, 
B,) @ = 1, ..., m) found from (24), equations (25) determine the 
momenta p; (i= 1, ..., m) as functions of ¢ and all arbitrary 
constants a;, fi; (i = 1, ..., Mm). 

Example 2. Consider Keplerian motion in which a particle of mass m 
is attracted to a centre with a force inversely proportional to the square 


of the distance from the centre. 
In this case, in spherical coordinates, 


T = (r2 4+ r2Q24. r2 sin? Orp2) 


r 


Es PB y 
a se? +3 2 r+ aay )—+ 


r Fr 


and the equation that determines V is of the form 


oa an) ease) 


ee 
a ]}-t= 


Put 


1 
33 = 3 (#+<2)—P=a,=h 


Then, by formulas (24), we find 


a6 
bo _ 
noe Jail sin? 6 
ae 
- ty 


p— ay \ =, (26a 
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v3 ar 
2 2mag EY — Se 
me j inl =Bs (26c) 
amy Go 
2ma3 --+-—+ —-3 


We have obtained the final equations for Keplerian motion. 
In studying this motion, it may be taken, without loss of generality, 
that the initial velocity lies in the plane of tne meridian p=const. Then 


. 


at the initial time, Hao and, hence, by formula (26a), 
a,=0 (27) 


and p=f,=const, i.e. the motion is plane motion. Differentiating the 
equations (26b) and (26c) termwise, we find that the sector velocity* is 


4 9 d0 V/ do 


=~? 


5° “dt ~~ 2m 


= const 


which means that the motion in the plane p=const occurs in accordance 
with the law of areas. i 
Finally, to determine the trajectory we put 2 and from (26b), 


taking (27) into consideration, we find 


dz 
Prieta” cet *) 
{ Vet 2ka— x? P 


where 
pesos dea 
Oe Op * 
B=2 Vaz be (28) 
Computing the integral we get 
are COS ge Gd 


Vie -}- c 


and, hence, 
t=k+ Vk? +c cos (8—f) 


: : 1 ; 
Finally, recalling that t=—, we have for the trajectory an equation 
of a conic section, in one focus of which is the centre of attraction: 


a Pp 
"= Tees 0— (29) 


* That is, the time derivative of the area described by a radius vector 
drawn from the centre. 


10* 
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where the parameter and eccentricity of the conic section are determined 
from the equations 


Sail _ 2 -Y aa: 2ctotl3 
or ee. e= i+s= 1 “aye (30) 


Let a point describe a closed orbit (the motion of a planet attracted by 
the sun). Then this orbit is an ellipse at one focus of which is the centre 
of attraction (sun). 

Denoting by F and a, b(a>b) the area and the semi-axes of the ellipse, 


2 
we find ( since it is known that p=) that 


a gs OP 
F an ; 
Let t be the period (of revolution), += Va . Then on the basis of (30) 
ae 
1 v2 = m2 F2  m2m2p nam m2 _ 
foe on 


where by Newton’s law of gravitation, y, depends solely on the centre of attra- 
ction. We have obtained Kepler’s three laws of planetary motion about the sun: 
(1) the planets are in motion with constant sector velocity in plane orbits; (2) 
these orbits are ellipses in one focus of which lies the sun; (3) the ratio of the 
squares of the orbital periods to the cubes of the major axes of the orbits is 
the same for all planets. 

3°. By way of further illustrating the application of the method of separa- 
tion of variables, consider the case when 


f1(Q1, Pa}. ++ +fn (Gns Pn) 
K= BA NOS A ea SEL LRA 32 
81 (94) Pa)-b +++ +8n (Gn> Pn) we 
Then the basic differential equation 


OV oV 
H (4 cvey Fns Oa" vgn) 


may be written as 


> E (ai, s)he: (ai 5) |= (33) 
Put = 
fi (ai, +) —heg; (a: ee (f= 1, ..., 2) (34) 


where 4, ..-, @,-4 ate arbitrary constants, and the constant a,, by virtue 
of equation (33) and equalities (34), is expressed in terms of a4, ..., @n_4, 
namely 


On = — Ay 1 s hy 4 (35) 
: ; ov 
Solve (34) for the derivatives ree 
i 
7) . 
A =F i (di, Qi, h) (i= 1, 085 78) (36) 


0g; ~ 
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Take the solution of (33) in the form 
v= y \ Fi (gi, i, h) dg; (37) 
Therefore a complete integral of the Hamilton-Jacobi equation has the form 


s= nS} \ (qj, ci, h) dq; (38) 
i=1 


Then the final equations of motion (11) are obtained by means of quadra- 
tures: 


OF y _ es ) 
| set aa— | Sh em=8, (j=1, ..., 2—1), 
n 


| 
> | Ge agatt Ba, t 
im | 

J 


(39) 


pi Fi (gi, &z, h) (eats eis n) 
(ay-bag+...-+an=0) 


Solving the tuition filgi, pit)—hei (ai, Pi) =%; for pi, we get pi= 
=Fi(qi, &, kh) (i=1,..., 2). It is assumed that the following condition of 


solvability holds: i h sep ~(. In this case the derivatives of the 
t t 
implicit function F; are 


OF; = Ofi _, se] 
and 
OF; , [ff of; Ogi 


te cs Atay pay ilar re pa Phy sein 
oh tee a | gi (ti, eee ) 
In final form, the equations (39) are 

of 0g3471 
(a 

Op; Op; DHF (4 j> & je h) 


Es agen] ; 
= dq,—B; (J=1, -.., n—1), 
-\| OPn 9Pn Ie, =F (Gq 1 tp») a ) 


| 
Of; 6g; ]—1 i 
> iL api = api a ans en a;, A) dgi=t+Bn, | 


(40) 


pi=Fj (qi, i, kA) (i=1, -.., 2) 
(+ ag+...+An=0) 
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As a special case we get Liouville’s theorem: 
If the kinetic and potential energies of @ system have the form 


ee 
r=5( >) 4) Dy sat, 
= i= 
nr 
2M 
) ee ee (41) 
nr 
>) Aj 
i=1 
where Aj, By and Wy are functions of one variable gj (i=1, ..., n), then the 


final equations of motion of the system may be obtained by quadratures, 
Indeed, for a Liouville system 


(42) 


but this is a special case of formula (32). 


28. Applying Canonical Transformations to 
Perturbation Theory 


Let the motions of a system with a given function #7 be known, 
that is, we know the solutions 


qi= i lt, Gh» Ph)» Pi= Pi (€, GR, Dk) (1) 
of the system of differential equations 
aq; olf dp; oll ' 
“at dp; ’ Gaie ear (24 5.5.0?) (2) 


and let it be required to delermine the motion of a “perturbed” 
system with Hamiltonian function H-+ H,; i.e. let it be required 
to determine the solutions of the system of differential equations 

agi OCH +1) dpi _ O(H +114) Pres 

dt Opp? “dt —t—i“‘iGSC~*# (t=4, 2.247) (3) 
If in formulas (1) we regard gi and p, (kK = 1, ..., m) as new 
variables, then, as has been elucidated on page 139, formulas (1) 
determine a free univalent canonical transformation. This transfor- 
mation turns the Hamiltonian system (2) into a Hamiltonian system 
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with function H = 0 [see formula (13) on page 138] 
aq}, dp 


0 
kh 
ae =z = 0 (k=4,...,n) (4) 


and the Hamiltonian system (3) into the Hamiltonian system with 
function H, which will be equal to A,:* 


a9, AH, = 4P, Oy (5) 
di Ope’ “di ~~ dg 
(A=4,...,n) 


Thus, the new variables q}, and p} possess the following remarkable 
property; for unperturbed motion, they preserve constant values, 
which are equal to the initial values; for perturbed motion, they 
are functions of the time and of the initial values 


Bh (ly Qhy Bie De CpG Dy) (6) 


eas rrr (3 


defined as a general solution of the Hamiltonian system (5), in 
which the “perturbation energy” H, is the Hamiltonian function. 
The final equations for perturbed motion in the initial coordinates 
qi, pi (i = 1, ..., nm) are obtained by substituting the functions 
(6) into the formulas for unperturbed motion (1) in place of the 
constants gq, and ph. 

We have succeeded, through the use of the theory of canonical 
transformations, to replace integration of the Hamiltonian system 
(3) by integration of the Hamiltonian systems (2) and (5). We ob- 
tain the general solution of the system (3) from the general solutions 
(1) and (6) of these systems by means of superposition: 


di =i lt, ah l(t, gi) ps), Pa (t, a), ps)I 
pi-= vi lt, A(t, of, pS), pk (é, 9°, p5)] (7) 


(i Peed 


Actually, we have shown that “perturbation in the energy” of 
a system is equivalent to “perturbation of the initial conditions”. 
This is illustrated in Fig. 40. 

In the hyperplane ¢ = 0, of an extended phase space, take a fixed 
point if, and draw through it an unperturbed straight-line path. 
i.e. a straight-line path (4) for the system (2). In Fig. 40, this is de- 


* This follows from the relation H — (H + 17,) == 0 —/7/. The left and 

j ; ; : as : ; ‘ 
right sidesof this equation are equal to = , Where S is the generating function 
of the free univalent canonical transformation under consideration (See p. 133). 
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picted as the heavy line M,N». The light line M,jM) depicts the 
displacement, in the hyperplane ¢ = 0, of the initial point given 
by the functions (6). From point Mo, of this curve draw an unper- 
turbed straight-line path Mo,No; (it is shown dashed in Fig. 40). 
On this path take a point P with a given value of the time coordi- 
nate ¢t. This will then be the position of the system in perturbed 
motion at time t. In the case of unperturbed motion, the system 


occupied the position Q at time ¢. Thus, the perturbation appeared 
in the “shift” QP. The straight-line path in perturbed motion is 
shown by the heavy line M)P. Thus, perturbed motion may be re- 
garded as “compound” motion in phase space: a point is in motion 
along an unperturbed straight-line path but the path itself is dis- 
placed (in the general case it is deformed) due to the “perturbation” 
of the initial conditions. 


29. The Structure of an Arbitrary 
Canonical Transformation 


{n this and the subsequent sections of this chapter we shall 
give certain additional information about canonical transformations. 
For an arbitrary canonical transformation it is possible to estab- 
lish formulas that define it with the aid of a generating function and 
valence c, as was done in Sec. 29 for a free canonical transformation. 
For example, of the 4n quantities 


Vi, Pis diy Di i= 4, . +, 72) (1) 
connected by the canonical transformation 
qi=: (t, Gk, Pr)s P=; (t, Gk; Pr) 


—erea . (94, «++, Pn) 
(i=4, ....7 IC ae ad (2) 
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it is possible to take the following quantities as 2m independent 
ones: 


Giy +6501, Dizgs ++ +s Dns re sees Um Pm+i 054 Ba 
(O<l, m<n) (3) 


Then with the aid of the identities 


>) pgddg = 5 ( >) dePe) — Da qg5Pg, 
g=l+4 g—T+14 g-l+4 


n nr Tr 
DS piidr=6( Dd) adaPr)— Dd) Bndpr 
h=m+i1 h=m+i h=m+1 


we can write the basic defining equation (9) on page 130 in the 
form 


m n 
>; 8G; — > nS pn — Hbt = 
= A=m-+4 


j=1 
l n 
=c(>) pdia— > Gg5pe— Hdt) —8U (4) 
i=1 g=l+1 
where 
U=F+ >) GhPn —C > daDg (9) 
h=m+414 g=1+1 


Since all the 4m quantities of (4) are expressed in terms of the 2x 
quantities of (3), we may take it that U is a function of the quan- 
tities of (3). Then from the identity (4) we at once find 


OO tee > OU ak eet MOU Es 

Oq; = CDi, OPg = Qe: aq; DP}; 
ou = 
<= = qh (6) 
apn 


The formulas (6) are equivalent to the formulas (2) and determine 
the canonical transformation under consideration with the aid 
of the valence c and the generating function U of the independent 
quantities (3). 

Below we shall prove a mathematical lemma, according to which 
it is always possible to choose 2m independent quantities of the 
4n quantities (1) connected by the transformation (2)‘in such a way 


that there will not be a single pair of conjugate q;, p; or q;, pj among 
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the quantities chosen. Then if we appropriately renumber the coor- 
dinates q;, Th (i,k = 1, ..., n) and do the same with the momenta 
Pi, Pp (i, & = 1, ..., nm), the chosen 2m independent quantities 
may be given in the form (3). Therefore, for an arbitrary canonical 
transformation there are formulas that can differ from the formulas 
(6) solely in the numbering of the quantities of (4).* 

As was done in Sec. 25 for a free canonical transformation, it may 
also be shown that for an arbitrary canonical transformation a deter- 
minant of order m composed of mixed second-order derivatives of the 
generating function U is different from zero.** For this reason, the 
first m equations (6) wnay be solved for the quantities g;, px G = 
=1,..., mh=m-i,..., n). After substituting the expres- 
sion obtained into the last n equations of (6) we can represent the 
equations of the canonical transformation (6) in the form of (2). 

Let us state and prove the lemma which we used to obtain the 
structural formulas (6) for an arbitrary canonical transformation. 


Lemma. Kf there are given 2n independent functions g;, ..-, ns 
DUR 5s Pn of 2m independent quantities 91, . ~~; Gn, Pts «+ +s Pns 
then out of 4n quantities g;, Di, ¢i, pi (i = 1, ..., m) it is always 


possible to choose 2m independent ones in such a manner that there 


will not be a single pair of conjugate ones (¢,, Pp) oF (¢p, Pr) among 
them. 

Proof. Assume the converse, that is, that any 2n of the quantities 
under consideration, among which there is not a single pair of con- 
jugates, are always dependent. Then choose 7 + d independent 
ones of the given 4n quantities so that the first m do not have the 
sign ~, and the last d have this sign; choose these n -- d quanti- 
ties so that there are no conjugate ones among them and so that 
the number d has the greatest of all possible values. By assump- 
tion d<in. 


Since, without altering the condilions or the statement of the 
lemma it is possible to interchange the roles of the two conjugate 


quantities g; and p; or q; and Pi and also to perform an arbitrary 
permutation of the indices 1, ..., m both of the quantities g;, p; 


* This proposition is given by Carathéodory in his book Variationsrechnung 
und partielle Differentialgleichungen erstes Ordnung, 2 Aufl., Bd. I, 1956, 
Sec. 96). However, the lemma on which our proof is based (see below) was estab- 
lished by Carathéodory for the special case when the transition from the variab- 


les g;, p; to the variables g;, p; (i= 1, ..., ) is a canonical transformation. 


TL or : 02 n at 
** This condition may be written as follows: det Cae) + Oil 
ne or Ory ty k= i 
DY iy ees Tre Thy oes Tn we denote, respectively, the quantities (3) in the 


order given above [see (3)]. 
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and 4; Dis it may be assumed that the chosen ones are the following 
n+ d quantities: 

Q1y 2+ +9 Ynys G1) wey Qa (d<n) (7) 


We shall call the quantities of (7) the maximum basis. It is 
obvious that 


a=F (M1: er re PaeeQays 
(j--d+1,...,n) (8) 


Pi=F (M1 eoey ny Wty oe ey qa) 
where f is the functional symbol. * 
Without loss of generality, it may be taken that of the quan- 
tities 
Pts -2es Dry Pry oeey Da 
that do not enter into the formulas (8), the quantities 
Py, ++ 0s Day Pir ++ 0) Do (a<n, b<d) (9) 


are functions of the basal quantities (7), and each of the quanti- 
ties 


~~ 


Patis «++, Dny Dotty «+» Da (10) 
is independent relative to the basis. Thus, 


=F peeey Si eee bey ky @) 
pi=F( Gn Qt Qa) ( @ (11) 


Pa=f (Qty + +s 9m Qty «++ Ga) (A=1,...,0) 


We shall now show that the quantities gas, ..-+ Gn, Ginivaies Ue 
which are conjugate to the “independent” quantities of (10), actu- 
ally do not appear on the right-hand sides of (8). Indeed, let 


ga (4 >> a) enter into, say, the expression for a certain q;(j >>): 
Op 8 (sey Gay ove) 


Then the system of quantities q1,...,Qa-1. Gattis o+ +9 Qny G4, eis 
1 Udy q; is equivalent to the basis (7): 


(91, wees Getty Whtis 200) ny Ptr erer Yds q3) el 


(dq, eee) Gn, Gis say G2) (12) 


* In different formulas, the same letter f is used to denote different func tio- 
na] relations. 
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that is, every one of the quantities that appear in one of the two 
systems is expressed in terms of the quantities of the other and 
vice versa. * Therefore, the n+-d+1 quantities 


Giy +++ Qa-t> Day Gasis 2229 One Wty 2+ +> Car QV 


are independent, which contradicts the “maximality” of the 
basis (7).Thus, the formulas (8) may be written as 


qi=F (a1 »++9 Yar qi, sey qv) 
Py= FP (Qty ++ +s Gar Mts e+ +s Gd) (13) 
(j=d+1,...,n) 

Denote by qi, ---5 Yar dis Seng an (a; <a, b,<b) all the quanti- 
ties that actually appear at least in one of the right-hand sides 
of the formulas (13); then 

a= (a ees Vay, qi; eres Qb;) 
Py=hh »299 Gas qa wey Qb1) (14) 
(j=d+1,...,n) 


Now we shall show that the quantities q,, g,(A>>a, p> |) 
actually do not appear in those formulas (11) where i<a,, and 
k<b,. Assume the contrary. For instance, let q,(A>>a) actually 
appear in the expression (11) for pi,, where i, < a, 


Pi=tl.--:d,---) (iba, AD>a@) 


But the quantity q;, actually appears in one of the expressions (14); 
for example, let it appear in the expression for q;(j > 4): 


Gi=f(-. +) Gaye) (i4<a,, j>d) 
Then 
(Viv e+) Giueds Diz Girety +21 Qty Uatr soe 
oe i qh; tesy qa; q;) © (M1, 29 Qn, qd, sey qa) (15) 
and hence the n+-d-+1 quantities 
Qty oe, ist, Diss Girtir «++ Va-4y Day 
Qntis s+ +s Ins Qs sey das qi 


* If g, actually does appear in some functional relation, this relation may 
be solved for q,. 
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are independent, which tact contradicts the “maximality” of the 
basis (7). 
Thus, 


Py =F (MH oe Tar Nh, sey qv) 
Pr=f (ad -° 29a, G1; rT) (16) 
(ig== 4, 202,04, Hyd, ..., By) 


~~ 


Denote aS dati: +++) Gan: Ubitis se) re those of the quantities 4, 


Gn (i> a4, k>>b,) which actually occur in the right members of 
formulas (16). Then 


Pa =F (Gt) ~~ 09 Gog, Mr wees Tbs) (y= 1, ..., 443 a,<A_,<a) } (17) 
Pro= fF (Gs, ~ 209 Qoa: Wai Qs) (kA, = 1, iwi OF by <b,<b) 


We shall now show that the quantities q,, q, (\ >> a, p > b) 


actually do not occur in the expressions (11) for p;, pr where 
i<d2, k<b,. Indeed, let g,(A>>a) for example actually appear 
in the expression for p;, (@,< ig < ay): 


Dig=f(.ees Gar ---) (Qa <ig<ae, A>a) 


But the quantity g;, actually occurs in one of the expressions (17), 
for instance in the expression for p:,. Then the quantity q;, actu- 
ally occurs in one of the expressions (14), for instance in the 


expression for q;(j >>): 
py=f(.- +s Qa» ote) (iy < ay << lg < Ay) 
Qj=f (eos Gay ---) (iy < ay, j>d) 


In this case an equivalence is established between the system of 
quantities 


Qi, eee, Gix-1) Piz, Qiqpetr eee) Tigi» Dier Wiorts + 
ey Frise Grrr ee er Ony Pir e+ +> Vdy Qj (18) 


and the basis (7). For this reason, the quantity p, is independent 
of the quantities of (18). Adding p, to the quantities of (48) we 
ise basis of n-++d-+1 quantities, which is impossible. 

Thus, 


Po=f (An eee, Jay 1 pete qb) 


Pho=f (Qs +9 Gay 15 rn) 7) 
(ig=ay-+1, ..., Ge, ko = by +1, ..., be) 


(19) 
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Denote DY Gage t ge weg Oa Gist re bs those of the quanti- 


ties qi. Gh (t>>a2,k>>b.) which actually enter into the formu- 
las (19). Then (19) will be written as 


Pio =F (Ms > sey Vags Oi; a) qo) 
(ig=- a, + 1, vey a9) Oy < dy <3 <a) 
Pao = f (G4: sey Jags Gis teeny Qos) 
(ko = by +1, ..., bo; by < bg < b3 <5) 


This process may be continued until the equalities a, = as,,, bs = 
=b.,, are attained simultaneously; then 


(20) 
J 


Dis =F (4%, sso Wass qs sey qos) } 
(is Moab Ay voy a5 OS 21 Sale <a) cy 
Pho =f (M1: Loe | das: G1) pia dbs) | 


ea beg set a beh De byes aie Dee ey: 
In place of the formulas (14), (17), (20), (21) we can write 


5 =F(Qy +++) Yass My +++ Fs) 
(HG, ee 
Pi=F(dis ++ +5 Gasy Ms ++ +s Ms) Cia‘, - +5 Gs) (23) 
Ph=f (ty ++ +5 Gags Qty -- +1 Gs) (RA, +5 Bs) (24) 
Now let a, > 6,. Then from the formulas (23) we can eliminate 
@, +--+, gb, and obtain a relation between q,; and p;; but this cont- 


radicts the hypothesis of the lemma. 

If a, < b,, then a, << b, + 1. Then from the formulas (22) and 
(24) we can eliminate all the g; and obtain a relation between gq, 
and p,; this again contradicts the hypothesis. 

Thus, the assumption that there exists a maximal basis (7) in 
which d <n has led us to a contradiction. The lemma is proved. 


30. Testing the Canonical Character of a 
Transformation. The Lagrange Brackets 


Let us establish certain tests for the canonical character of a trans- 
formation, i.e. the necessary aud sufficient conditions that must 
be satisfied by 2n independent functions [with respect to gp, 
Pra(RK=1,..., nl 


i= Qi (ts Gar Pr) Pi=Vilts Gay Pa) (i=41, --., 2) (1) 
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so that the transformation defined by these functions should be 
canonical. 

Let the transformation (1) be canonical. We write out the 
defining identity for it: 


2 2i9di — Hét =—=C (2 pidgi — Hit) aii éF (Z, diy Di) (2) 


Take an arbitrary fixed value ¢=?¢. Then from the identity (2) 
we get 


a pidqi=c a pidgi — OF (t, i, pi) (3) 


But (3) is a defining identity for a transformation that does not 
contain the time explicitly, 


qi=Pilts Gas Pa)» Pi= Pi (ts Mes Da) (i= 1, -.., 2m) (4) 
Hence, formulas (4) define a canonical transformation with valence 
c which is independent of the chosen value of ¢ = ¢. 

On the contrary, let it now be given that all transformations 
obtained from the transformation (1) by replacing the variable 
i by various fixed values of ¢ are canonical and with one and the 
same valence c. Then, defining the function AH by the equation 


n ~ 

~ OF ~ @ r 

H=cH +>-+ 9} pi~at- (9) 
i=1 

we get equation (2) from (3) and (5), i.e. we find that the transfor- 

mation (1) that depends on the time ¢ is canonical. 

Thus, for the time-dependent transformation (1) to be canonical 
it is necessary and sufficient that all the time-independent trans- 
formations obtained from the transformation (1) by replacing ¢ 
with an arbitrary value of ¢ be canonical and with one and the same 
valence c. 

For this reason, when establishing tests for canonical character, 
we can confine ourselves to canonical transformations that do not 
contain the time variable ¢ explicitly: 


qi = Pi (Gh; Ph)» pt = Wi (Tr, Pr) 


ss a GO Gig aces Pr) 
[Pay sacar Tees # 0} (6) 


For the canonical transformation (6), the defining identity (2) 
is written as 


2 PrOGn = € Zs PrOGxr— 5K (qr, Pr) (7) 
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Here, express dq, in terms of 6q; and 6p; using formulas (1). 
Then (7) will take the form 


2 (D,6q; + Pidp;:) = — 46K (qx, pr) (8) 


where 
n Ae n 3 
eas Sl Gh ee = ~ Ok 7; __ ; 
ne Phage — Pts fade page (=1,-...0) 8) 


It remains to write out the conditions that the left-hand side 
of (8) should be differential and we will have a test for canonical 
character in the form of the equalities 

0; OD; Sa OV, 


Oq, Og; ° Opp Opi ' 


OD; OV, F a 
Opn ON (i, k=4, savegr lt) (9) 
Substituting the expressions (8’) into these equalities we find 
(after elementary transformations) 


3 (2 8H) 


nr ~ ~ ~ ~ 
> ee Opy 89; 5 ) 0 (10) 
Op; Opp Opp OPi 


nr ne fs ~ ~ 
Og; Ops 99; | : 
——— —s 6; ’ k=14 eve n 
> ( 0q; Opp Opr qi con Ct : : | 


where 6;, is Kronecker’s symbol: 6;, = 0 for ik; 6;, = 1 for 
PSR dee Le oe oy) 

The conditions (10) may be written in compact form if we intro- 
duce what are called Lagrange brackets, which, for the given 2n 
functions g;, ; (ij = 1, ..., ) of the two variables g and p are 
defined as fol lows:* 


1 (903 Oy — 90; MI) wy FH YD) 
(P= 3 (ae ap ap oe = BE o 
j= j= 


* The reader can compare the Lagrange brackets with the Poisson 
brackets introduced in Sec. 15. There, two funetions g, p were given of 2n 
variables qi, p; and the Poisson brackets equaled the sum of the Jacobians 


(9, ‘py . Here, however, 2” functions of two arguments are given and 


0 (Gi, Pi) 
the ‘Lagrange brackets are equal to the sum of the Jacobians (11). 
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Using this notation and taking for the g;, ; the functions dis 


Di (i=1,...,m”) defined by the formulas (6), we can write the 
conditions (10) as 


[7idx] =0, [piPx]=9, [Gipr] =—cbwm (i,4=—41,...,m) (12) 


where ¢ is the valence of the canonical transformation. 

The equalities (12) express the necessary and sufficient conditions 
for the transformation (6) to be canonical. In the case of a time- 
dependent transformation, the conditions (12) are preserved, 
provided that they hold for any value of ¢. 


31. The Simplicial Nature of the Jacobian 
Matrix of a Canonical Transformation 


Consider the Jacobian matrix of the canonical transformation 


0g, 09, Oq4 0g, 
0q4 Oqn OP, Opn 
gn Gn 99n 09n oq Og 
Oq4 O4n Op4 OPn dq Op 
m—|| 2 es ~ = (1) 
Op4 Op, Op1 Op4 Op Op 
0q4 Oqn Op4 OPn dq Op 
OPn Opn Opn Opn 
0q4 OGn Op4 ODn 


cd 


6g. : ; a; 
Here —* isa Jacobian matrix of order n | 32 


| . Similarly, we 


On 
define the n-order Jacobian matrices a oP and Ble ‘ 
p’ og op 
We introduce a special matrix of order 2n: 
O) a. ge Ose E. cae 0 || 
e 0 0 O. — 4 e —K : 
=l40.00 600. ole o } (2) 
Oe gf Oxu5 0 


where # is a unit matrix of order n. Consider the matrix M and also 
its transpose M’; form the product M’JM and prove that by virtue 
of the relation (12) of the preceding section this product is identical- 


11—3420 


ly equal to cd: 
MIM =ctT (3) 


where c is the valence of the canonical transformation. 
Indeed ,* 


(Z) (By (2) (2) 
PIS ean ia) ag) 
eF- ~ ~ = 
seh = BY 09)" 
p Op Ge) eee) 
(S) $-(h) SE) E-H 4 
wésIM oq og oq dq \ oq Op oq) dp 
Pa e = ~ ~ ~ ~ ~ ~ ow ~ 
(22) 2 (22) ap ages 0g \' Op 
p/ 9@ dp} dy \ op p ( a) “Op 
But 
~ ~ rw ~~ n Gi ~ ~ pce, 
dp \' dy a \ 2 (lS) Ap; 99; — 99; Op; \In 
( o”g } 0g o”d 0g _ oe Ogi. Ogp, 0g; Ogp i, pag ll [oegal ||=0 


Performing similar computations for the remaining three blocks, 


we get 
Q —cH 
=< 


ch OQ 


which is what we sought to prove. 
For a univalent canonical transformation, equation (3) is written 


as 


wer =| 


M'IM=JS (4) 


The matrices M for which the equation (4) holds are called simpli- 
cial. Since det-J =1, and the determinant of a product of matrices 
is equal to the product of the determinants of the matrices being 


multiplied, we find from (4) that 
det M=+1 


Thus, simplicial matrices are nonsingular.** 


* When the elements of the matrix are matrix blocks, multiplication is 
performed according to the same rules as when the elements of the matrix are 
numbers, i.e. the rows of the first matrix factor are multiplied by the columns 


of the second matrix factor. 


** As may readily be verified, the product of two simplicial matrices, the 


inverse matrix for any simplicial matrix and the unit matrix are again 
simplicial matrices. Therefore, simplicial matrices form a group, a simpli- 


cial group. (Continued on p. 163.) 
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We shall call the matrix M that satisfies the relation (3) a gene- 
ralized-simplicial matrix (with valence c).* 

Since the relations (42) of the preceding section reduced to the 
condition of the generalized-simplicial nature of the Jacobian mat- 
rix M, it follows that the test for the canonical character of a trans- 
formation may be stated thus: S 

For a certain transformation g: = gq: (¢, Ga, Pr), Pi = Di (ty Qn’ 
pr) (i = 1, ..., ”) to be canonical, it is necessary and sufficient 
that the Jacobian matrix M corresponding to this transformation. 
should be generalized-simplicial with constant valence c. (In the 
case of a univalent transformation, the matrix M is an ordinary 
simplicial matrix.) Then, the condition of the simplicial nature 
of (3) must hold identically relative to all the variables ¢, g;, p; (i= 
a eee rae (3) 8 

In Sec. 26 it was established that the motion of any Hamiltonian 
system may be regarded as a free univalent canonical transforma- 
tion. Consequently, its Jacobian matrix is simplicial and has the 
determinant J (see pages 125-126) equal to -44. 

Since at the initial time J (0) = +41, s0 7= +1 at all subsequent 
times, but it is precisely this determinant that serves as the integrand 
in the expression for the phase volume in 2n-dimensional space 
[formula (3), Sec. 23}. 

This remark may be regarded as a proof of the Liouville theorem 
that differs from the proof given in Sec. 23. 


32. Invariance of the Poisson Brackets in 
a Canonical] Transformation 


Let us give the condition of canonicity of a transformation written 
in the form of equation (3) in the preceding section in a somewhat 
modified form. Multiply both sides of this equation by (M’)-} on 
the left and by M-* on the right. We get 


(M3 IMA= + J (1) 


Simplicial matrices are characterized by the following properties. In the 
nr 
bilinear form {= >» (ti1¥;—Yiz;), we subject the 2n variables x;, yj; and the 


iz=1 
2n variables 2}, y; to ome and the same linear transformation with the 
simplicial matrix of coefficients MW. Then the form f preserves its aspect in 
nr 


ry * * e me, ae , ’ 
the new variables 2], y* and x¥’, y*’: f= ee (xput’ —ytzt’). 
i=1 


i= 
* All generalized-simplicial matrices (for all ¢ +0) also form a group. 
Jf M is a generalized-simplicial matrix, then det M = +e”, 


11* 
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Take the inverse matrices of both sides of the equation, noting 
that J7=—Ji* 

MIM'=cJ (2) 

The equality MFM’ =cJ is obtained from the equality M’ JM = 

=cJ by replacing the Jacobian matrix M by its transpose M’. 

But this substitution [see formula (4), Sec. 34] reduces to repla- 

Ogi Og; Op; Opi 


cing the donyarives Gun © Op, tan Ona respectively, by the 
é F é 0 0. a) 3 , P 
derivatives 2% , SPR, 242  2PE. in other words, in each deriva- 


0g: ° Og; * Opi’ Op; 
tive the letters and indices above and below** are interchanged. 
Thus, if the equation M’JM-=-cJ was equivalent to the system 
of equalities 


[aige] = 9, [pipe] =0, [@ipr] =cOin (i, K=1,..., 7) (3) 
then the equation (2) will be equivalent to the system of equa- 
lities 

[a:qal* =0, [pipel* =O, [oiDel* =Sin (i, #=1, -.., 7) (4) 
where the asterisk (*) indicates that the aforementioned interchange 


of derivatives is to be performed within the Lagrange brackets. 
But then the Lagrange brackets become Poisson brackets. Indeed, 


n oe ae ast ~ 

2 Ogi Ogn 99: Op ) Sap eas 

= x ( 09; Op; Op; 0q; (9:9) 
j= 

where (q;, 9.) are Poisson brackets of the functions g; and g, with 

respect to the independent variables q,, i, ..., ns Pa Similarly, 


[pipal*= (Pipe), [aipal* = (GiPa) 
Therefore, the conditions of the canonicity of transformation (4) 
may be written in the following form with the aid of the Poisson 
brackets: 
(4:9) =0, (PiPr) =9, (GiPr)= COR (i, k=1,...,m) (5) 


* Here we use the following rule: the inverse matrix of a product of matrices 
is equal to the product of inverse matrices im reversed order: (.4BC)-! = 
= C-1B-14-', Besides, 


n=(4°8) (Gr a)=-(E a) 


that is, J-l1= —J. 
** As before, the sign ~ remains on top. 
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Let us now consider two functions g and tp of the quantities q;, 
pi (tj =1,...,m) and ¢t. Expressing in these functions the q:, p; 
(i=1,...,m) in terms of gp, pe (k==41, ..., 7”) with the aid of an 
inverse canonical transformation, we can regard these same func- 
tions as functions of the variables qi, pe (k=14,...,7). Accor- 
dingly, the Poisson brackets of @, t» may be evaluated both with 
respect to the variables q,, p; [denoted (gip)] and with respect to 
the variables g;, p; [denoted (gy) ]. 

Let us prove the validity of the identity 


(Pb) = ¢ (PH) (6) 


Proof of this identity rests on a familiar expression of the 
Jacobian of a system of composite functions 


a(p, p) _ sI fe tp) 9(gi, ge) , (9, ) sto 
Daj Pi, AL OCs Gn) (Gi PA © (Pty Pa) F194 PS) 
‘ich 

i a(p, ¥) 9(gi pr) 

heen 8(qi, Pr) 9 (4s Ps) 


(j=4,...,n) 


Summing these identities termwise, we get 


Ze . 0 (@, Y) LL P, ) J+ : a(Q, Y) Gi es 
cs of ee Pi ~~ iPr) 
an i 2d be. qn) (qign) 4 56 Piy Ph) (PiPW j ay 0 (gi, Pr) 
Ich : 
From this, using oma - we find 


(pp) = 3 aee a = ¢ (ptp)~ (7) 


The converse assertion m7 holds. If for any two functions 9 
and ap, the identity (7) is fulfilled for one and the same constant 
c #0, then the transition from the 2n variables q;, p; to the 2n 
variables q;, p; is accomplished by a canonical transformation 
with valence c. 

For a univalent canonical transformation c = 1, and therefore 


(PP) = (OH) 


In other words, the Poisson brackets are invariant under univalent 
canonical transformations. This property of univalent canonical 
transformations singles out these transformations from among all 
possible transformations of phase space. 


CHAPTER 5 


Stability of Equilibrium and the 
Motions of a System 


33. Lagrange’s Theorem on the Stability of an 
Equilibrium Position 


We begin by defining a stable position of equilibrium. 

First recall* that a position of a system is called a position of 
equilibrium if the system, which at the initial time was in that 
position with zero velocities, remains in that position. 

Let the position of a holonomic system be defined by the indepen- 
dent coordinates q,, ..., g, (where n is the number of degrees of 
freedom of the system). As was explained in Sec. 5, in a position 
of equilibrium (and only in that position) all generalized forces 


are zero: Q; = 0 (i = 1, ..., n).** Without loss of generality, we 
nay take it that the position under study of the system lies at the 
coordinate origin q, = ... =, = 0. Then the coordinates of any 
other position of the system q,, .-.., 9, characterize a deviation 


of this position from the equilibrium position and for this reason 
are called deviations of the system. 

The position of equilibrium gq, = ... = q, = 0 (or the state of 
equilibrium gq =...=q, =0, 4% =.-..=4,=0) is called 
stable if for sufficiently small initial deviations gz and sufficiently 
small initial velocities gf (i = 1, ..., m) the system does not go 
beyond the limits of an arbitrary small (preassigned!) neighbourhood 
of the position of equilibrium during the entire period of motion 


and has arbitrarily small velocities q; (i = 1, ..., m); that is 
to say, if for any & > 0 it is possible to indicate a 6 = 6 (e) > 0 
such that for all ¢ > t the inequalities 


la l<e, |a()|<e (@=4,...47) (1) 
hold so long as at the initial time t= 


lai<6, |g?/<6 (ee eee (2) 


* See Sec. 4. 
** If the generalized forecs Q; depend not only on the coordinates g, but 


also ou the generalized Velocities g, (k == 1, ..., ”), then the equalities Q; = 0 
must hold when the coordinates g, appearing in the expression for Q; are rep- 
laced by the coordinates of an equilibrium position, and the generalized velo- 
Cities are assumed equal to zero. 
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a 


It is convenient to interpret inequalities (1) and (2) geometrically 
in a 2n-dimensional state space (q;, q:). For the case n = 1, Fig. 41 


depicts, in the plane (q, 9g), two neighbourhoods of the coordinate 
origin O that correspond to the inequalities (1) and (2). If the origin 
O is a stable state of equilibrium and for a given se > 0 some 6 > 0 


Fig. 44 


is suitably chosen, then any motion starting at time ¢ within a 
square with centre at O and side 26 will occur all the time within 
just such a square with side 2e. 


Example 1. A heavy ball can move along a rim having the shape of a circle 
and being located in the vertical plane. There are two positions of equilibrium: 
the lowest and the highest point of the circle. The former is the stable position 
of equilibrium while the latter is the unstable position of equilibrium. 

Example 2. Linear oscillator. The position of equilibrium is stable. Indeed, 


fora linear oscillator 7 = $ ma?, = + cg? (m > 0, c> 0), and the differential 


equation of motion mq + cq = 0 has the general solution 


qo .:; ¢ 
= Soe =e Pex 2 — 
J == qo COS W (t— to) -+ Sin w ( to) (o ; ) 


Therefore 
oe : . 
Ig@i<lgltplal<e lg|<olglt+lwl<e 
only if | g9|< 5, and lgo|<6 where, for example, 5=min (> ) : 


Example 3. A particle of mass m can move along the z-axis under the 
action of two forces: a restoring force propor tonal to the deviation —cz, 
and a resisting force of the medium, which is proportional to the first power 
of the velocity ~2fz (c >0, f>0). 

The point z=0 will be a stable position of equilibrium. We first consider 
the case when the coefficient of the force of resistance is small: 0< f< Vine. 
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Then the differential equation of motion mz + 2fz-+er=0 has the general 
solution 
— — (t-to) d co 
ze - [ ©4 cos F (¢— t0)-+ Cy sin = (¢— to) | 
where 
4 o 
d= Yme— f%, Cy=%, Ca=Z (fto-+ m2) 
From this, for any value of 2, 
mn e 
12 (I< [Cr +1Cn1<(1+4) | eol+F lol <e 
and 


I< (144) ceric <4 (1+ 4) i214 (144) lori <e 


provided that | z9|< 5, and lzo{< 5, where, for example, 


§=min |e : Presa 
2a(1+) 
But if 12 > Vine, then the general solution of the differential equation of 
motion mz+2fr+ter=0 has the form 
t= Ce Vill!) 4 Gye V2lt to) 
where 


f+ y f2—me >0, Cy= vero + 2p Co= vip + Zo 


$ 


Vv — 
tng m Vvo-- V4 Vi— Ve 


Whence, for any value of ¢, 


(vy +-v9) | 29 |-+2| 20 | _flzoltm}zol — 

C AY na ero eee Pee 
lz(@)(<1Cy| 4+] Ool< Fav Pama 

and 

aveve|zo|-+(vi-t ve) f2o] — ¢|zolt+s1 of 
Peso CA ara ats pe cag eee <é 


provided that | z)]< 6, |zo(<6, where 
6= min (4, VPRme , ViPame e) 


2¢ ‘ 2m. 


In Examples 2 and 3, the stability of the position of equilibrium 
was established with the aid of final equations obtained by integrat- 
ing the differential equations of motion of the system. These final 
equations of motion gave us the dependence of the deviations of q; 
and the generalized velocities g; upon the time ¢ and the initially 


given qj, gi (i = 1, ..., n). The determination of these final equa- 
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tions of motion and their investigation are extremely involved in 
more complicated (for example, nonlinear) problems. Of interest 
therefore are criteria of the stability of an equilibrium position 
that do not require preliminary integration of the differential 
equations of motion of the system. 

As far back as 1644, Torricelli knew that the position of a system 
of bodies acted upon by gravity would be stable if the centre of 
gravity of the system occupied the lowest of possible positions. 
Lagrange generalized this principle of Torricelli to the case of arbitrary 
potential forces and established a criterion for the stability of the 
equilibrium position of a conservative system: 

Lagrange’s theorem.* Jf in some position of a conservative system 
the potential energy has a strict minimum, then this position is the 
position of stable equilibrium of the system. 

Proof. Without loss of generality we may assume that all the 


coordinates q,, ..., G, and the potential energy II (q,, ..., qn) 
are equal to zero in the position under consideration; that is, 
4 =...=q,=09, and Il (0,..., 0) = 0.** Since in the given 


position of the system the function II has a minimum, the general- 
ized forces in this position are zero: 


oxi 
G5 °° G15 44454 n) 
i.e. the point gj=...=gQn=0 is the equilibrium position of the 


system. Further, from the fact that the value of I] (0, ...,0)=0 
is a strict minimum it follows that in a certain A-neighbourhood 
of the equilibrium position 


la|<A (é=14,...,7) (3) 
we lave a strict inequality 
Ih (q, ---, %) > M(O, ..., 0)=0 (4) 


provided, however, that all coordinates g; do not vanish at once. 
Form the expression for the total energy of the system: 


E (4, cane ai op QD) =Tr+s= 
Tr 
1 — 
Dy Fk (Gty 000s In) GAA TA (Ga, - +4 Ga) (5) 
i, k=1 


* This theorem appeared in Lagrange’s Mécanique Analytique (Ast ed., 
1788), but a rigorous proof of the theorem was first given by P. G. Lejeune Di- 
richlet. For this reason, the theorem is frequently called Dirichlet’s theorem. 

** The potential energy II is determined up to an arbitrary additive con- 
stant. We choose this constant so that the value of II should be zero in the equi- 
librium position. 
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From the inequality (4) and from the fact that T>>0, if at 


least one of the generalized velocities g; is not equal to zero* 
it follows that, always, 


E>0 
when ©) holds, provided that all the 2n quantities q;, qi 
(Gi = 1, ..., 2) do not vanish simultaneously; i.e. the tetal energy 


Ei (4; a while vanishing at the origin O of a 2n-dimensional 
state space, has a strict minimum (equal to zero) at this point. 


Fig. 42 


Now select an arbitrary number e subject to the sole restriction 
0 < e< A; and consider the values of the total energy E on the 
boundary of the e-neighbourhood defined by the inequalities 


lal<e, jgj<e (i=1,...,n) (6) 


(Fig. 42). Since this boundary isa closed set of points, the continuous 
function E reaches its minimum £* on this boundary. Since all 
values of EF are positive on the boundary of the e-neighbourhood, 
the minimum £* also is positive. Thus, on the boundary of the 
e-neighbourhiood 


E> E*>0 (7) 


On the other hand, since the continuous function EF vanishes at 
the origin O, there will always be a 6-neighbourhood of the point 
O** such that in this neighbourhood 


Ex E* (8) 


* This is true if the A-neighbourhood of the coordinate origin O in the coor- 
dinate space does not coutain any singular points (see footnote on page 47). 
We assume that the point O, at which the function II has a minimum, is uot 
singular, But then there are no singular points in some A,-neighbourhood of 
point O. We choose A< Ag. 

** Since the equality (8) holds in the 5-neighbourhood, 6 < 
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Therefore if the initial coordinates and the initial velocities satisfy 
the inequalities (2), the initial energy Ey) < E*. But in the motion 
of a conservative system, its total energy retains the initial magni- 
tude Hy and consequently E < E* during the whole time of motion. 
For this reason, when a system is in motion, the point depicting 
this motion in state space cannot attain the boundary of the e-neigh- 
bourhood on which EF > E* and all the time lies inside this neigh- 
bourhood. 

The theorem is proved. 

Note two things with regard to this theorem. 

Note 1. The Lagrange theorem remains valid for a nonconserva- 
tive system that is obtained from a conservative system by the 
addition of gyroscopic and dissipative forces. Indeed, first of all 
note that the equilibrium position is preserved if gyroscopic or 


dissipative forces O,(qp, an) are added to the system. For these 
forces 


n 
2 Qs (Ges Qu) Qv<0, Janf<A, |an|<A 


As before, choose for the equilibrium position the coordinate 
origin of the state space and assume that among the functions Oy 
there is at least one Q; such that 0; (0) 0. Then, due to continuity, 
Q; «0 in the A-neighbourhood of the coordinate origin as well. 


But since q, and q; are independent, their values in this neighbour- 
hood may always be chosen so that 


2 Oy (Qn, qn) ay > 0 
v= 


But this contradicts the hypothesis of dissipativity or gyroscopicity 
of the forces. Therefore, the supposition about the existence of 
Q; (0) 0 leads to a contradiction, i.e. all Q, (0) =0,v=1, ...,”, 
and this indicates that the addition of gyroscopic and dissipative 
forces does not violate the equilibrium. 

Gyroscopic forces do not upset the law of conservation of total 
energy (see Sec. 8) and for this reason the whole proof of the Lagrange 
theorem remains unchanged in the case of gyroscopic forces as well. 
In the case of dissipative forces, the total energy EF = 7 +- Il 
diminishes as the system moves, and consequently when the system 
is in motion we have the inequality E < Ep in place of the equality 
E = E,. But from this it also follows that throughout the motion 
E < E*, if Ey < E*. Thus the proof of the theorem is preserved 
here too with that slight modification. 
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Note 2. The equilibrium position of a conservative system will 
also be stable when the potential energy II in this position has 
a nonstrict minimum, but in any e-neighbourhood of the equilibrium 
position there exists a closed hypersurface 


f(a, wey In) =0 (9) 


that contains the equilibrium position within it and has the property 
that on this hypersurface the values of the potential energy are 
strictly greater than the value of II in the equilibrium position. 

Indeed, as before, in the equilibrium position let qi =... = 
= 9, = 0 and I (0, , 0) = 0. Also, let the equation of the 
hypersurface (9) be chosen so that for points located inside the 
closed hypersurface (9) the following inequality holds: 


f (Qt) +++) In) > 0 (10) 
Then this inequality, together with the inequalities 


ln] <cr (O<e,<e;k=1,...,n) (11) 


defines, in the 2n-dimensional state space, a region (a finite “hyper- 
cylinder”) G located inside the e-neighbourhood (6). On the boundary 
of the region G, either f = 0 (then II > 0, T > 0) or at least for 


one k the equality | Dn | = cy holds (then T > 0, II > 0). Therefore, 
the strict inequality # = Tf -++ Il > 0 always holds nf the boundary 
of the region G. 

In the case under consideration, the minimum of the function E 
on the boundary of the e-neighbourhood (6) can be zero. Then when 
proving the Lagrange theorem, in place of the e-neighbourhood 
one has to take the region G situated inside it. On the boundary 
of the region G the minimum of total energy Z* > 0. From then 
on the remainder of the proof remains without change. 

For n = 1 the closed hypersurface (9) degenerates into a collection 
of two points on the q-axis located on different sides of the origin O, 
while the region G degenerates into a rectangle situated inside 
the e-neighbourhood of the point O (Fig. 43). 

The reasoning given in Note 2 holds also for the case when gyrosco- 
pic and dissipative forces (see Note 1) are additionally applied to 
the system. 

If the points at which the function II has a minimum II = 0 
fill the solid curve emanating from the equilibrium position, then 
this equilibrium position can also be unstable. To illustrate, take 
a free particle with potential energy that does not contain one of 
the coordinates, for example z: Ii = II (y, 2), and II (0, 0) = 0 
and II (y, 2) > 0 for y2 + 2? > 0. In this case, the minimum points 
fill the z-axis. The equilibrium position x = y = z = 0 is unstable, 
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since for an arbitrarily small (in magnitude) initial velocity along 
the z-axis, the point will execute uniform motion along the z-axis. 

In the Examples 4 and 2 given on page 167, a conservative system 
was considered, and in Example 3 (page 167) a dissipative force 
acts on a particle as well. The potential energy has a strict minimum 


Fig. 43 


in Example 1 at the lowest point of the neighbourhood, and in 
Examples 2 and 3 at x = Q. For this reason, these equilibrium posi- 
tions are called stable. 


Example 4. A conservative system with one degree of frecdom has a poten- 
tial energy II = q4 sin? — [we also define II (0) = 0]. In accordance with Note 2, 


the position g = 0 is a stable position of equilibrium. 


34. Criteria of Instability of an Equilibrium Position. 
Theorems of Lyapunov and Chetayev 


As far back as 1892, A. M. Lyapunov, in his celebrated disserta- 
tion entitled “The General Problem of Stability of Motion”, posed 
the question of the converse of the Lagrange theorem. The problem 
has still not been solved completely. A partial solution is given 
by two theorems of Lyapunov and a theorem of Chetayev, in which 
certain sufficient conditions are established for instability of an 
equilibrium position. 

As before, let gq =... = q@, = 0 and IJ (0, ..., 0) = O in an 
equilibrium position. Write an expansion of the potential energy 
in a power series of coordinates (“deviations’ ): 


TT = Um (41, «++» Gn) + Uns (M1, «0 es In) +. 
[Ulm (415 shes Gn) #0, m > 2] (1) 
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where I], (q;, . - -, Q) is a homogeneous function of the Ath degree 
(k =m, m-+4, ...), and the lowest of the powers of terms actual- 


ly appearing in the expansion is m > 2, since all (<=), = 0 in the 
t 


position of equilibrium. 

Lyapunov’s first theorem. If the potential energy Tl (q,, .--; Qn) 
of a conservative system in a position of equilibrium does not have 
a minimum and this circumstance may be seen from the second- 
degree terms Ilo (qt, -- +; Qn) Of the expansion (1)*, then the given 
position of equilibrium is unstable. 

n 
Proof. In the expression for the kinetic energy 7 =+ >) QikGidns 
i, k=l 
expand the coefficients a; (q,, ..., Qn) in a power series of coordi- 
nates and denote by af, the absolute terms (i.e. the values of the 
functions ain (qi, ---;9n) for gy=.-.=Gn,=0). Then, putting 
n 


; 4 ee 2 
m=z 2 Q3n9i9k, we will have 
t,R=1 


T == T)4- (+), I] = Tl, +- (*) 


here and henceforward we shall use the symbol (*) to designate 
the sum of the terms having a higher order of smallness relative 
to the coordinates and velocities than the terms written out earlier. 
Since 75 is a positive definite quadratic form with constant coef- 
ficients, it is possible, by means of a nonsingular linear transforma- 
tion of the variables, to simultaneously reduce the two quadratic 
forms 7, and II, to a sum of squares, after which the expansion 


for 7 and I] in the new variables 0,,..., 6, will take the form** 
n 

T= => 08 + (*), = mot + (*) (2) 
h=4 


Since the quadratic form I, assumes certain negative values, at 
least one A, <Q. 

The Lagrange equations may be written in the coordinates 0, 
thus 


On = —AnOn+(#) (k= 41, ..., 7) (3) 


* That is, m = 2, and Il, is a quadratic form assuming negative values (per- 
haps along with positive values). 

** The coordinates 0;, ..., 8, are called normal or principal coordinates. 
They will be considered in more detail in Sec. 44. 
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Consider the auxiliary quadratic form 


V= = >) fp [ (Ab aa +) #1 (1—An) OnOn + 


4-(1-+2n+4>) 6] (4) 


where e¢,=1 for A, 20 and e,= —1 for A,<0 (k=1,..., 7), 
and the number p> 0. 

It is verified directly that, by virtue of equations (3) and equa- 
lity (4), 


femmnem{rSa(miZ}arinro] 6 
k=1 


when a system is in motion. 

Without loss of generality, we assume that A, <0, and that A, 
is the largest of the negative numbers A,. The positive number p 
is chosen so that the following inequalities hold simultaneously: 


M+ <o, MoA+H 0 (6) 


From the first inequality it follows that the sum of the right- 
hand side of (5) is a positive definite quadratic form. But then, 


for 0, and 6, sufficiently small (in absolute value), 
\onf<A, [Ox/<A (k=4,...,7) (7) 
the right-hand side of (5) will always be positive, i.e. 
d 
= (eHtV} > 0 


whence 
e-nty > e~HtoV, 
or 
V > Vi ent—to (3) 
Put all the initial values 6%, 0% (A = 1, ..., m) equal to zero, 


with the exception of 0°, which we shall take, in absolute value, 
less than A. Then, using expression (4) and the second inequality 
of (6), we find V) > 0. But in that case the motion will definitely 
go beyond the limits of the neighbourhood of (7), however small 
| @2| may be, since otherwise it would follow from inequality (8) 
that lim V = oo, while the quadratic form V in the neighbourhood 


too 
of (7) is bounded. 
The theorem is proved. 
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For the case when m > 2, in expansion (1) we can use the following 
two theorems that are given without proof.* 

Lyapunov’s second theorem. If the potential energy II of a conserva- 
tive system for q, = . = 9, = 0 has a strict maximum and this 
circumstance may be determined by proceeding from the terms of lowest 
power of IIm (41, -- +» Gn) (m2) in the expansion (1),** then the 
position q,=...= qd, = 0 is an unstable position of equilibrium of 
the system. 

Chetayev’ s theorem. Jf the potential energy II of a conservative 
system is a homogeneous function of the deviations q,, ..., gq, and 
in the position of equilibrium q, = . = gq, = 0 does not have 
a minimum, then this equilibrium position is unstable. 


Example 1. Let II=A(1{— cosaq); n=1. The function II has strict minima 


at the points go, = 


Ik 
gon-1 = DE The last circumstance follows from the form of the 


and strict maxima (k~0, +1, +2, ...) at the points 


lowest-order term in the expansion in powers of the deviations 
a2 
T= —~—5- (9— Gen-1)?+ 


Then, according to the theorems of Lagrange and Lyapunov, to the points 
dor there correspond stable equilibrium positions, and to the points qop_1, 
unstable ones. 

Example 2, TI = oat -++%- From Chetayev’s theorem it follows that 
the position qj; = ... = = gq, = = 0 is an unstable position of equilibrium. 


35. Asymptotic Stability of an Equilibrium Position. 
Dissipative Systems 


Now introduce the concept of an asymptotically stable position 
of equilibrium. An equilibrium position is termed asymptotically 
stable if it is stable and if, besides, for sufficiently small (in absolute 
value) initial deviations and initial velocities, all deviations a 
velocities tend to zero as the time ? increases without bound, 
if there exists a number 6, >> 0 such that 


lim q; (t)=0, lim i (t) =0 
f-00 t0o 
(1s ney Th) (1) 
every time the inequalities 
lai |<<5p, igo |< S15 cap 3d) (1°) 
* The reader will find the proofs in the books by Lyapunov [16], Chetayev 
5}, oo Malkin [18]. 


+ That is, in a certain neighbourhood of the origin (excluding the origin 
itself) always Tm (qty +++» %) <0. This is only possible if m is even. 
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are Satisfied. In a geometrical interpretation (Fig. 44), this signifies 


that in the state space (qg;, q;) all trajectories emanating from the 
d)-neighbourhood of the origin O asymptotically approach the point 
O as t-—> oo. 
Of the Examples 1, 2 and 3 examined on pages 167-168, only in 
Example 3 is the stable equilibrium position asymptotically stable. 
We shall consider scleronomic systems under the action of the 


potential forces 7 and the nonpotential forces 0; (4, 6.059) 
Z 


200 


Fig. 44 


assuming that the potential energy II and the nonpotential for- 
ces Q; do not depend explicitly on the time: 


TI=IE (qn), O: =O: (dns qr) Cs Pee) (2) 


In this case the time t does not enter explicitly into the Lagrange 
equations, which may be written in the following form (solved 
for the generalized accelerations) (see Sec. 7, page 47): 


Gi= Gi (dey gu) (C= 1, «0, 2) (3) 


In the case under consideration, the total energy E of the 
scleronomic system does not contain the time explicitly: 


E=E (qn, q) (4) 


Computing its total derivative with respect to the time when the 
system is in motion, we find 


Tt 
dk OF ° OE : 
Ey LE ai Se og Ce 5 
dt > Ogi q 84; t ( k my) ( ) 


ix1 


Thus, at every point of the state space (q,, dq), not only the 
total energy but also its total derivative with respect to the time 
has a definite value. 


12--3420 


478 Stability of Equilibrium and the Motions of a System [Ch. 5 


If the forces 0; (i= 1, ..., 2) are dissipative forces (see Sec. 8), 


then <0 when the system is in motion, i.e. in the region of 


state space under consideration the function E’ (qa, qx) assumes 
only nonpositive values. 
In the case of a definite dissipative system (see Sec. 8), 


Ly 7 (qi; qi) vanishes only at those points of the state space 


(CH qi) where all gi = 0, i=1,...,mn. We shall assume that the 


Fig. 45 


equilibrium position of the system is isolated, i.e. there are no 
other equilibrium positions in its neighbourhood. Then we have 
the following: 

Theorem om asymptotic stability. Jf the potential energy II of 
a scleronomic definite dissipative system has a strict minimum in some 
equilibrium position that is isolated, then the equilibrium position 
is asymptotically stable. 

Proof. Again let 


UW=2=.+-=G=0 and T(0)=0 


in the equilibrium position. As in the proof of the Lagrange theorem, 
choose in the state space an e-neighbourhood of the coordinate origin 
O in which the energy £ is positive, 


E (4, 9:) >0 (6) 


at all points different from O and in which there are no equilibrium 
states different from O. 

Since according to the Lagrange theorem, the position of equ- 
ilibrium q,=...=@n=0 is stable, for any e>0 it is possible 
to indicate a 5(&)>>0 such that all motions occur inside the 
e-neighbourhood of the point O if the initial point is chosen in 
the 6-neighbourhood (Fig. 45). For the 59-neighbourhood take the 
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neighbourhood in which condition (8) of Sec. 33 (6)<6) is fulfi- 
lled. We consider one of the motions initiated in the 89-neighbo- 
urhood. Since, given motion, the energy EF diminishes, it follows* 
that 

lim £ (t) =E. 20 


too 


and Fi (t) > Eo(t> to). First assume that £.=0, i.e. Ho >0, and 
consider the sequence of the values of the time t,-—>0o and the 
sequence of values of the phase coordinates 


qi = (ts), 9 =ailts), t=41,...,2 
Since the entire trajectory lies in the e-neighbourhood, the fol- 
lowing inequalities hold for all s and i: 


| qi) | <e, |g i<e 


By virtue of the Bolzano-Weierstrass lemma, it is possible, from 
the infinite bounded sequences gq‘) and q({*), to choose the subse- 
quences q() and gi. Let 


HY) of, i=d,...,n (7) 


lim q(®) = qf, lim q; 
h—-rco h-+00 
where 
lgi[<te, [qij<ce, i=1,...,7 


But then, because £ (t) is continuous, 


E (qi, at) =lim E (qh, qi”) = Exo > 0 


By hypothesis, the point (qf, 97) does not coincide with the coor- 
dinate origin, where #= 0. 


Let us take the point (qf, qf), i=4, ..., for the initial point 
of motion when t=? . Since this point does not coincide with the 
point O, i.e. it is not an equilibrium position, then when the 


system is in motion at least one of the generalized velocities qi 
will be different from zero and for this reason <0. But then 


for some t=—t, the inequality “<< £E, will hold. 
Further, let us consider the motion of a system starting at 


t--t, from the point (q), qi*). By virtue of (7), the values of q{” 


* This limit exists by virtue of the fact that #(#) is a continuous 
monotonic decreasing nonnegative function. 


12* 
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and gs”, for sufficiently large k, will be arbitrarily close to the 


values of gf and qj? respectively. Consequently, for sufficiently 
large k, the values of the phase coordinates for t=¢, will also be 
arbitrarily close in the case of motions starting, when t—t2p, 


from the initial points (q{”), gs”) and (gi, gf) (the solutions of the 
systems of differential equations are continuous functions of initial 
data). Therefore, at t=¢t, the inequality FE (t,)< EF. will hold for 
a motion that started, when t=¢, from the point (q‘*), g{#)) since 


the total energy # is a continuous function of the phase coordi- 
nates. But by virtue of the uniqueness of the solutions of the 
Lagrange equations, the state (at time t=¢,) of a system that 


at t=?) started from an initial point (q, qs) i=4, ..., 7, 
coincides * with the state at time t,-+-¢,; of a system which at 
t=-t) started from the initial point (9{%, q/), i141, ..., 2; for 
this reason, the value of the energy £ (é,+-t,) that interests us 
must satisfy the inequality 

E (th tt) < Bo 


but this is impossible, since E(t)> Eo for any t>ty. 
We have thus arrived at a contradiction by assuming that 
Fo 0; hence, 
Eo=O0 and aa a (8) 


Since, by virtue of the inequality (6), the equality HE = 0 occurs 
only at the point O, it follows from (8) that as t > oo the point 
depicting the system in state space tends to the coordinate origin, 
which means that the relations (1) hold. The theorem is proved. 


In Example 3 on page 4167, E=+ mid} ez2 and 


Gams + care (m+ ex) r= — 2/22 <0 

since f > 0. The system is definite dissipative and the equilibrium position is 
isolated; this follows from the equation of motion when substituting the solu- 
tion z = const. By virtue of the theorem, the position of equilibrium is asymp- 
totically stable. 


* Since the time ¢ does not appear explicitly in the equation of motion (3), 


choice of zero time is immaterial. Therefore, if in place of g, g{ we take for the 
initial state gd, q$*), i=i1,..., ”, then the system will subsequently pass 
through the same states as in the initial motion, but at different instants of 
time. 
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An investigation of the motion of a scleronomic definite dissipative 
system in the neighbourhood of its asymptotically stable equilibrium 
position will be given in Sec. 46. 

Lyapunov proved a theorem that generalizes the Lagrange theo- 
rem. He noticed: that in proving the Lagrange theorem it is possible, 
in place of the energy H, to take any continuous (with continuous 


first-order partial derivatives) function V (q,, gx) which has a strict 
minimum in the equilibrium state and which does not increase 
under any motion of the system. 
Compute the time derivative of the function V by taking advantage 
of the equation of motion (3): 
V = V 
d OV *: 0 i ; : 
ae 2) on: qi +—— Gi (Qn, Qa) =V" (Gus Ge) (9) 
i=1 94 
One thing that follows from this formula is that the function V’ 
vanishes at the coordinate origin O of the state space, since the 
ah O corresponds to the state of equilibrium in which all the 


= ( and all the i = G; = 0. If the function V does not increase 


in any motion, the = V’' (qn, qn) < 0. In this case, the function 


V’ has a maximum in the state of equilibrium O. Now if this maxi- 
mum is strict, then in the neighbourhood of the point O (with the 
exception of the point O itself) V’ <0, and when the system is 
in motion within the limits of this neighbourhood, the function V 
decreases strictly. 

It is now possible to repeat almost literally the proof of the 
Lagrange theorem, using the function V in place of EF. In the case 
of asymptotic stability (for example, for a dissipative system), the 
proof will even be simpler if we demand that in the equilibrium 


position the derivative ld have a strict extremum of a type opposite 


to the extremum of the function V.* 

Note also that in formulating the stability criterion, the words 
“minimum” and “maximum” can be interchanged, since substituting 
the function — V for the function V returns us to the earlier formula- 
tion. 

Thus the following theorem has been proved: 

Theorem. If there is given the equilibrium position of a sclerono- 
mic system that is under the action of forces which do not depend 


* In the proof of the theorem on the stability of a dissipative system, the 
derivative a did not have a strict maximum in the equilibrium position. In 


this connection we had to stipulate that the equilibrium position was isolated. 
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explicitly on the time, and there exists a function V (q,, q,) that 
is continuous together with its first partial derivatives and that 
has a strict extremum in the given state of equilibrium, whereas 
the derivative V’ of V with respect to the time (computed by the 
equations of motion) has in this same state an extremum of the 
opposite type, then the equilibrium position under consideration 
is stable. If the extremum of the derivative is also strict, then the 
equilibrium position is asymptotically stable. 


The function V (qz, qr) spoken of in the theorem is generally 
called the Lyapunov function. 


36. Conditional Stability. General Statement 
of the Problem. Stability of Motion or of 
an Arbitrary Process. Lyapunov’s Theorem 


Inequalities (1) and (2) (see page 166) that define the stability 
of an equilibrium position involved all the deviations gq; and all 


the generalized velocities die However, in many problems we encoun- 
ter a conditional stability when the indicated inequalities hold 


for certain of the 2m quantities q,, .--, Qn» Qty «++; Qn OF, ina 
more general statement, for certain functions 21, ..., Z» of these 
quantities: 


t1=fi (Qn, Gn) (E= 4, .. +m) (1) 
It is also assumed that all the functions (4) vanish for 


dn=0, qu=0 (k=4,...,n), Le. f;(0, ...,0)=0 


and satisfy the autonomous* system of ordinary first-order 
differential equations ** 

az; : 

Fo Xi (By +. +) By t) (i= 1, ..., m) (2) 
where X; (%i, ..., tm, t) (i= 1, ..., m) are continuous functions in 
the region 


(a;|<A, t>ty (i=1,...,m) (3) 


(f) is a fixed initial instant of time). 
To the equilibrium state there corresponds a zero solution 
2j=20 (i=1,...,m) of the system of differential equations (2). 


* See footnote on page 84. 

#* In investigating the conditional stability of scleronomic systems, the 
functions X; (i= 1, ..., m) do not depend explicitly on t. We bave put ¢ 
on the right sides as arguments, having in view nonscleronomic systems and 
subsequent geneYalizations. 
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Such a solution presupposes that the right-hand sides of equa- 
tions (2) satisfy the condition 


X;(0, ..., 0, t) =0 G=14, 2955) (4) 


From the mathematical point of view it is a question of the stabi- 
lity of a zero solution of the system of differential equations (2), 
this stability being defined as follows: for any ¢ > 0 there exists 
a 6 = 6 (e) > 0 such that 
for any t> to 

lai(t)|<ce (i=1,...,m) (5) 
as long as 
|i (to) | <6 (i= 1, ..., m) (6) 


For a geometric interpretation of the inequalities (5) and (6), 
use is made of the e- and 6-neighbourhoods of the coordinate origin 


in the m-dimensional space (z;, . . -, %,). In the case of asymptotic 
stability we also require the existence of a 6, > 0 such that 
lima,;(t)=0 (i=1, ...,m) (7) 
t—+co 
so long as 
[xi (to) {<6 (i= 1, ...,m) (8) 
If the stability (not conditional!) of an equilibrium position 
is under study, then for z,, ..., z, we can take the quantities 
Gis +s Iny Qty - + +> Gn OF Gty +++) Uno Pty «+ +> Pn- In the former 


case, the equations (2) are the Lagrange equations written as a system 
of 2n first-order differential equations in the unknown functions 


Cis ews 84 dn. In the latter case, equations (2) are the canonical equa- 
tions of Hamilton: 
dqi — 0H api eee 0H 


Gon a = og ee ©) 


Let us consider two important special cases of the system of 
equations (2) which are frequently encountered in applications. 
1°. Stationary case, when ¢ does not appear explicitly on the 
right-hand sides X; of equations (2), that is, when 
OX; : 
j= GS 4) e557) 
2°. Periodic case, when the right-hand sides X; have a period t 
with respect to the variable f¢: 


Xi (24, vy Im t+ t) = Xi (44, ey Em, b) (i= 1, »e+, M) 
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In both cases the stability of the zero solution of the system of diffe- 
rential equations (2) is determined by a theorem that is a direct 
generalization of the theorem given at the end of Sec. 35. 

Lyapunov’s Theorem. Jf in the stationary or the periodic case 
there exists a function V (21, ..., Lm, t) continuous together with 
its first partial derivatives in the region (3), which function, for any 
t considered as a parameter, has at the point x; =... = 2% =0 
a strict extremum, whereas again at the same point, and for any t, 

nr 
7 
its time derivative V’ (a1, ...-, £m,t)= = xX 4-2 has an extre- 
t 
i=t 
mum. of opposite type, then the zero solution of the system (2) is stable. 
Now if the extremum of the derivative V’ is also strict, then the zero 
Solution of the system (2) is asymptotically stable. Here it is assumed 
that in the stationary case the function V is not explicitly dependent 
on the time t, but in the periodic case this function is periodic with 
respect to t with period t {x is the period of the right-hand sides of 
equations (2)]. 

It suffices to prove this theorem for the periddic case since the 
stationary case may be regarded as a special case of the periodic 
with any t. The proof consists in repeating the reasoning given 
earlier in the proof of the Lagrange theorem and the theorem on 
asymptotic -stability with the following modifications: in place of 
E we now use the difference 


V (a, ..-, 2m, t)—V (0, ..., 0, 2) 


and in place of the space (qi, g;) we take the m-dimensional! space 
(11, ..., 2m). We regard t, which appears in V, as a parameter. 
This parameter, by virtue of its periodicity, may be varied in the 
finite interval tj < t<t, + 1. Because of this circumstance, the 
presence of the variable ¢ in V does not give rise to any complica- 
tions in the proof of the theorem. 

Note that in the general (nonstationary and nonperiodic) case, 
more rigorous conditions {see 5] must be imposed on the Lyapunov 
function. 

We note one special case of the Lyapunov theorem, which is 
frequently used as a test for simple (nonasymptotic) stability. 

Let the function V (a, ..., 2m, t) be the integral of the system 
of differential equations (2), i.e. the function V becomes a constant 
upon substitution into it of any solution of the system (2). In this 
case a= V’ (44, .. +) Ly, f) =O, and it may be taken that the 
function V’ has a maximum and minimum (nonstrict, of course) 
at the point x; = ...= <2, = 0 for any ¢. For this reason, we 
have the following corollary to the Lyapunov theorem: 
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Corollary. If the system of differential equations (2) has an 
integral V (a, ..., Zm, t) [which is not dependent on ¢ in the 
stationary case and is periodic with respect to ¢ with period t in 
the periodic case] and this integral has a strict extremum at the 
point z,;= ... = 2, = 0 for any fixed ¢, then the zero solution 
of the system (2) is stable. 

Note that in proving the Lagrange theorem for a conservative 
system, use is made of the energy integral E. 

Now let us consider motions or more general processes described 
by the system of first-order differential equations 


Th Dy (Bi oes Bayt) (b= 1, wo oy M) (10) 


where the Pe sides are continuous functions in some region 
of variation of the variables 21, ..., 2, for ¢ >, that satisfy 
the conditions of existence and uniqueness of solution on the basis 
of the initially given z, (t9) (i = 1, ..., m). 

Let 2; (t) (i = 1, ..., m) be a solution of the system of equations 
(10) defining some process. To elucidate the question of thestability 
of this process, we introduce new unknown functions or “deviations”, 
in place of the unknown functions 2, ..., 2m! 


xj=2;—2;(t) (i=1,...,m) (11) 


Then in the new variables, the system of differential equations (10) 
will be written in the form of the system (2), where 

Xi = Z; [xy 4-24 (t), + -, m+ 2m (LY — Xi (Z(t), ---. 2m(t)) (42) 
The zero solution z; =... = x, = O of the system of differential 
equations (2) corresponds to the solution z; = 2; (t) (j = 1, ..., m) 
of the system of differential equations (10) in the new variables. 
This circumstance permits the question of the stability of the 
process z; (t) (i = 1, ..., m) to be reduced to the problem, which 
we have already studied, of the stability of the zero solution of the 
system of differential equations (2). In other words, the solution 
2; = 2; (t) (} = 1, ..., m) of the system (10) is called stable (or 
correspondingly, asymptotically stable) if the zero solution 
y= ...= Im = 0 of the system of equations in deviations (2) 
with the right-hand sides defined by the formulas (12), is stable 
(or correspondingly, asymptotically stable). All this opens up a 
wide field for application of the Lyapunov theorem given in this 
section. This theorem may be used to determine not only the stability 
of an equilibrium position, but also the stability of motion, in 
general, of any process defined by a system of ordinary differentia! 
equations, 
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Example 1. Consider the inertial rotation of a solid having a fixed point O. 
Euler’s dynamical equations in this case have the form 
dp _ dq _ dr 
a BO Oe, B= (C—A) 7p, C 4 =(A—B) pg (13) 
Here, p, 4, r are projections of the angular velocity w on the principal axes of 
inertia of the solid, O&, On, Of; and A, B, C are the moments of inertia about 
these axes. 
Equations (13) allow for the following three particular solutions defining 
permanent rotations of the solid about the principal axes: 


1° g=r=0, p=const=po 

2° r=p=0, g=const= QQ 

3°? p=q=0, r=const=rg 
We confine ourselves to working out the stability of rotation 1°, since 2° 
and 3° may be written as 1° with the axes labelled differently. Here, the stability 
of the solution 1° of Euler’s equations (13) will determine the conditional sta- 


bility of rotation of 1° with respect to the angular velocity o.* 
Form the equations in the deviations, putting 2; = p — po, v2 = 9, 3 = 1: 


dz,  B—C ae dXy _C—A . sages 

“ao ee Be 3 (24-1 Po an 
dz3 AB, Bac ) 

at = C 2 ( 1-1 Po 


Let the major, or minor axis of the ellipsoid of inertia be along the axis O& 
of the permanent rotation under study. The fact that A, B, and C are inversely 
proportional to the squares of the axes of the ellipsoid of inertia means that 
A< B.C or A>B, C. For the Lyapunov function, let us take the function 


V =(Aat + Ba} -+-Ca} +2Apory)? + [B (B—A) af +-C (C—A) 28] 


where the plus sign is taken for A < B, C and the minus sign for A > B, C. 
The function V vanishes at 2, = rz. = x3 = OQ and is positive in the neigh- 
bourhood of this point, that is, the function V has a strict minimum at this 


point. On the other hand, it is readily verified that alt = 0 by virtue of the 


equations (14), i.e. the function V is an integral of the system of differential 
equations (14). For this reason, in accord with the corollary to the Lyapunov 
theorem, permanent rotation about the major or minor axis of an cllipsoid of 
inertia is stable. 

It is also possible to show that permanent rotation about the mean axis 
of an ellipsoid of inertia is unstable, but this would require use of the instabi- 
lity test of Chetayev [5]. 

Example 2. By way of illustration, consider the problem of stability of 
rotational motion of an artillery shell. 

To simplify the problem, assume that the centre of gravity of the shell C 
is in rectilinear motion along the horizontal z-axis with constant velocity 
v=const. Let Czy be the vertical plane of firing. The position of the axis C& 


* Stability with respect to m means that a small change in the initial angu- 
lar velocity @) involves a small change in the vector w throughout the motion. 
In other words, this is stability with respect to deviations x, = p — po, 22 = 
= q, t3 = r. Naturally Euler’s angles steadily increase here. 
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(the axis of dynamical symmetry) of the shell is defined by two angles: angle a 
tormed by projection Cz, of the axis CE on the Cry-plane with axis Cz, and 
angle § between Cz, and C& (Fig. 46). By successive rotations through the angle 
a and through the angle f, the trihedron of axes Cxyz passes into the trihedron 
Céyc. A supplementary rotation through the angle pm about the axis CE carries 


me 


Fig. 46 


the trihedron Cén into the trihedron of axes fixed in the shell. Therefore, the 
angular velocity @ of the shell consists of three components: 


© = O1-+ @27- O3 
where @4= 4, @ = 6 and @3=9. The projections of the angular velocity on 
the principal axes of inertia CE, Cy, Co are defined by the formulas 
p=--asinB 
q=—p, r=acosp 


Denoting by A the axial and by B the equatorial moment of inertia of the 
shell, we get the following expression for the kinetic energy: 


P= (Ap? +B (@+72)] => [A (p +e 8in f)24-B (Be +42 cos? B) 


We shall assume that besides the force of gravity there is applied, at point D 
on the axis of the shell (in the “centre of pressure”), the force of air drag R, 
which is constant* and directed opposite to the velocity w, i.e. in the negative 
direction of the z-axis. Let 1 = CD, and y be the angle between the axes Cz 
and C&. Then the moment of the force & about C is equal to AJ sin y, and the 
elementary work of the force & will be 


d-l= Al sin yoy = —64 (Al cos y) 


* Ris a function of v, R=f (v), and so from v=const it follows that R= 
= const. 
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therefore, for the force potential we can take the function* 
I= Al cos y= Al cos a cos 


Oscillations of the axis of the shell are characterized by change in the angles 
a and f. To determine the stability of rotational motion of the shell we will 
proceed from three integrals of motion: 


1) 74+-H=const; 2) G,=const; 3) Gg=Ap=const 


The first integral is the energy integral; G, and G, are projections of the 
kinetic moment Gz on the axes Cz and CE. The constancv of G,, when the system 
is in motion, follows from the fact that the moment of the force # about the 
Cxr-axis is zero. The third integral expresses the constancy of the generalized 
momentum Ap, which corresponds to the cyclic coordinate ~. Note that (see 
Fig. 46) 


Gx = Gz Cos (x&) + Gy cos (xn) ++ Gz cos (2b) = Ap cos (x§) + Bq cos (2H) + 
-+ Br cos (xf) = Ap cos acosB +B (p sin @—a cos & cos 6 sin B)** 
Combining the first two integrals with the third and using the expressions 
obtained for 7, II, and G,, we find the following two integrals of motion W, 


and W, that vanish for a=p=o = 6 —0: 


Wi=5B (a2 cos2 6 +2) -+- RI (cos a cos B-~1) = const, 


Wo=B8B (B sin @—« Cos @& Cos 6 sin B)+ Ap (cos a cos B—1) = const 


We shall seek the fixed-sign linear combination of integrals of motion 
W,—dWo. First, determine in W, and Wg, the terms of lowest degree in the 


small quantities a, f, a, B: 


Wi = B (624-82) 2 RU (024-82)... 


W_=B (Ba— ap) — > Ap (0? +-B2) +... 
then 
W AW, => [Ba2-+ 2Bhap + (Aph— RD B2] + 


+S [BB2—2BApa+ (ApA—Rl) a2] 4... 
So that each expression in the square brackets should be positive definite, 
it is sufficient that the following inequality be fulfilled: 
B2h2 < B(Ap\—Rl) 


* On a sphere with centre at C, the arcs a, f, y form a rectangular spherical 
triangle with “sides” a, B and “hypotenuse” y. For such a triangle, the formula 
cos y = cosa cos f holds. The truth of the formula follows from elementary 
geometrical reasoning. 


** The arcs a, = +8 and (z¢) form a rectangular spherical triangle with 
“sides” a and +8, therefore 


cos (xt) = cos & cos (+8) = —cos asin 
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Cancelling out B and rearranging, we get 
Brt— Aprv+RI<0 


For the last inequality to hold for qa certain real A, it is necessary that the 
quadratic trinomial on the left-hand side of this inequality have real roots, 
i.e. there must be the inequality 


Atn2 > 4BRI 
This is the condition that ensures the stability of rotational motion of the 


shell (for “deviations” a, f, Ct, B) because if this condition is fulfilled it is pos- 
sible to select a real value of A for which the integral W, — AW, will have, 


ata= p= OL = 6 = 0, a Strict minimum equal to zero. 


37. Stability of Linear Systems 


In the preceding section it was shown that the investigation 
of the stability of any process defined by a system of ordinary 
differential equations* reduces to investigation of the stability of 
the zero solution of a system of deviation equations. 

Let the differential deviation equations be linear and have constant 
coefficients 


“i Mana, (b= 4, -. 240) (A) 
hk=1 


We shall seek a. special solution of this system in the form 


ai = ue (i=i1,...,; >) |uz|?>0) (2) 
i=1 


Putting expressions (2) into equations (4) and cancelling out e*', 
we get relations that connect the desired quantities u; and A: 


4 Qipl, = Au i= 1, ee ey n) (3) 
or 
2 (Q@in—A5s,) Uz =O (i=1,..., 7) (4) 


where 6:;, is Kronecker’s symbol 
(O3,=41 at Lak; bi, = 0 at i = k) 


Since in the sought-for solution (2), at least one of the constants u; 
must be different from zero, the determinant of the system of homo- 


* It is known that such a system may ordinarily be written as a system of 
first-order differential equations solved for the derivatives. This notation is 
always possible for a system of Lagrange equations (see Sec. 7). 
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geneous equations (4) must be zero: 


Qy—hK Ay 1... An 
a Aon —h... a 
PA 22. 2n = 0 (5) 
an4 Qnag eee Qnn—wN 


Thus, for determining 4 we obtained an algebraic equation in A 
of degree n. 

Equation (5) is called the characteristic or secular equation for 
the matrix of coefficients 


ay Qo ees Qin 

a floon ..-. 
Aa || 1 22 on 

Qny Ang... Ann 


The roots of the characteristic equation are called characteristic 
numbers of the matrix A. 

Taking for ’ some characteristic number of the matrix A, we 
will find the constants u; of the system of linear equations (4) that 
correspond to this number. 

It will be convenient for what is to follow to introduce matrix 
notation both for the initial system (1) and for the systems of the 
relations (2) and (3). 

We introduce the column vectors 


ik H lu, 

aac 2 

1.5 

is : 

In, Un 

Then, in place of (1) to (3) and (5) we can write* 

aoe | 1’ 
a a (1°) 
a = Ue, (2’) 
Au=Au (u-0), (3’) 
det (A —AEF)=0 (9’) 


where, EH =||6;»||;,., is the unit matrix. 


* When multiplying the square matrix 4 by column x, we multiply elements 
of the ith row of A by the corresponding clement of column x and add all these 
products. The sum thus obtained is the ith element of the column product Aa. 
The derivative of the column & is obtained by differentiating each element 
of the column &. 
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The column wu +0 that, together with the number 4, satisfies 
the relation (3’) is called the eigenvector of the matrix A correspond- 
ing to the characteristic number 4. Thus, in each solution of the 
system (1’), having the form (2’), 4 is the characteristic number 
of the matrix A, and wu is the corresponding eigenvector. 

We first consider the case when the characteristic equation (5) 
has n different roots A, (kK =1,..., 2). To each characteristic 
number 4, there corresponds an eigenvector uw, and a particular 
solution of the system (1) of the form une’. A linear combination 
of these solutions with arbitrary constant coefficients 


= ?) Crue’ (6) 


will again be a solution of the system (1). 
To show that formula (6) embraces all solutions of (1), we shall 


first prove that the column vectors w,, Ws, ..., U, which correspond 
to distinct characteristic numbers \,, Ao, ...-, Ay are linearly inde- 
pendent. 
Let 
n 
D) cra =0 (7) 
h=4 


Multiply both sides of (7) from the left by the matrix A. Then, 
using the equalities 


AUn=h)puy (Un, 0, k= 1,...,7) 
we find 


24 RCAUn = 0 (8) 
Eliminate the constant c, from (7) and (8): 
2 (Aj—Ay) c7uz = 0 (9) 


Again multiply this equality from the left by A and use the 
equality obtained, together with (9), to eliminate cz and so forth. 
We finally get 


(An = 4) (An == Ao) eae (An — An-1) Cntr a 0 (10) 
whence c, = 0. Since all the terms in (7) are equivalent, it follows that 
C(=te=...=¢,=0 


i.e. there is no relation of the form (7) between the eigenvectors 
a;, Ug, ..., Un, and these vectors are linearly independent. 
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Putting ¢ = 0 in (6), we have B 

n 
xo= 2 Crur (11) 


With an arbitrarily given initial vector «,, we can uniquely deter- 
mine C, (k = 1, ..., n) from (11) by virtue of the linear indepen- 
dence of the vectors w;, ..., w,- Thus, (6) embraces the solutions 
of the system (1) that satisfy any initial conditions 2 (0) = x, 
that is to say, it embraces all solutions of the system (1). 

In courses on the theory of differential equations it is proved 
that in the case of multiple roots, formula (6) becomes somewhat 
involved. So-called secular terms can appear in the formula that 
contain a polynomial in ¢ in place of the constant vector «;: 
Un + Unt +... . In the general case, an arbitrary solution of the 
system of differential equations (1) is determined by t'~ formula 


w= 2 Cy(tn + at +...) ent (12) 


Important corollaries follow at once from formulas (6) and (12). 
1°. If all the characteristic numbers of the matrix A have negative 
real parts, i.e. 
max Rea,= —a<0 


isk<n 


then lim ac (t) = 0, and the zero solution of the system of differential 
+00 
equations (1) is asymptotically stable.* 

Now let Reda, > 0 at least for one k. Then (1) has a nonzero 
solution x = C,u,e"* which tends to infinity as t—> oo. At the 
same time, the initial value x2) = C,2, (for ¢ = 0) may be arbitrarily 
small, since C, is an arbitrary constant. In this case, the solution 
a = 0 is unstable. We thus have the proposition: 

2°, If at least one characteristic number A; of the matrix A has 
a positive real part (Re 4, > 0), then the zero solution of the system 
of differential equations (1) is unstable.** 


Example. The position of equilibrium of a linear oscillator in a medium with 
a resistance proportional to the first power of the velocity will be asymptoti- 
cally stable. Indeed (see Example 3 on page 167), the differential equation 


of motion mz -|- ofr + cr = 0 (m, c, f > 0) may be written in the form of 


* The number @ > 0 is sometimes called the degree of stability. 

** Tf all Re 4, <0 (k = 1,..., 7) and if in at least one of these relations 
there is an equal sign, then the solution a = 0 will be stable, provided that in 
(12) there are no secular terms in all summands where Red, = 0. Otherwise, 
he solu tion # = O will be unstable. 
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a system of two first-order differential equations if we put x; = x, ro = 2: 


dx, dx c f 
a =o, a == eee! eee ken 
The characteristic equation 
—A 4 j 
c 
= 22 poultes —_— = 

eG ee me ae Gee 

m m 


has roots with negative real part —£ , which is what ensures the asymptotic 


stability of the equilibrium position. 
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In the system of differential equations (non-linear!) 
ax; ; 
= = Pigs yin) OS (1) 
expand the right sides in a series of powers of the deviations 
Ty soy Zn: 


ax; ‘ ° t 
Se = Dd ont t hi a ere n) (1’) 
“ k=1 


where f; is the sum of all terms of the expansion X; beginning 
with second-order terms in 2, ..., %n (i=1,..., 7). 

In the stationary case, a;, are constant coefficients, and the 
functions f; depend on x, ..., Z, and do not depend on ¢t. In the 
periodic case, a;, are periodic functions of ¢ with period t, and the 
nonlinear terms f; = f; (41, ..., Z,, ft) are also periodic in ¢ with 
period t. 

If in (1’) we reject all nonlinear terms f;, we get a linear system 
of differential equations that is called a linear approximation for 
the nonlinear system (1). 

At the end of last century, it was established in the investigations 
of Poincaré and Lyapunov that both in the stationary and the perio- 
dic case, one can judge about the stability of a zero solution of 
a nonlinear system (1) from the linear approximation; namely, 
from the asymptotic stability of the zero solution of a linear approxi- 
mation there follows the asymptotic stability of the zero solution 
of a nonlinear system.* This proposition finds broad applications 
since the investigation of linear systems is substantially simpler 
than that of nonlinear systems. 


* Tt was assumed here that the right-hand sides X; (21, ..., 2,, #) are con- 
tinuous functions. At the present time it is known what is to be understood by 
lincar approximation for discontinuous right members of Y;, and an appropriate 
criterion has been established for stability based on a linear approximation hoth 
in tlie periodic case and in certain nonperiodic cases. 
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We will confine ourselves to a consideration of the stationary 
case and here we will write the system (1°) in the matrix form in 
order to prove our assertion: 


S = Ax +f*(2) (1”) 


Here, A =|lain|[;,, is a square matrix with constant elements, 
and f(x) is a column with elements f;(7,,...,%n) (i=1,..., 7). 
Since by assumption the zero solution of a linear approximation 
is asymptotically stable, it follows (see Sec. 37) that all the cha- 
racteristic numbers A,,..., An of the matrix A have negative real 
parts 
max ReaA,= —a <0 (2) 
i<h<n 
Let us agree to denote the “length” of the column vector 4 with 
components 24, ..-, Zn by |s|: 


n tL 
|= |= (3) | PD? (3) 


Since each element of the column f(x) begins with terms of 
second degree, it follows that 


[F (a) | <8] o| (4) 
where the constant ¢ >> 0 may be chosen arbitrarily small if we 


confine the variation of the variables z,, ..., z, to a sufficiently 
sniall neighbourhood {| « | < A. 

The proof* of the assertion of Poincaré and Lyapunov may be 
built upon the following lemma: 

Lemma. Using the linear nonsingular transformation of variables 


x= Uy (det U +0) (5) 
the linear system of differential equations o =: Axe may be reduced 


to the “triangular” form ** 


d b 
7 Mas +|- byoYo aw “Ogiy, 
dy: a +b 
a —_ heoYo ea anYn (6) 
dyn A ¥ 
eS nYn 


* See J. J. Stoker, Nonlinear Vibrations in Mechanical and Electrical Sy- 
stems, London, Interscience Publishers, 1950. 

** As a result of the transformation (5), the matrix of coefficients A is rep- 
laced by the matrix U-14U, which is of triangular form. 
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where Ay, ..., A, are characteristic numbers of the matrix A, 
while the moduli of the “nondiagonal” coefficients b;, (i < k) may be 
made arbitrarily small by a suitable choice of transformation (5). * 

The transformation (5) is applicable to the nonlinear system (1”). 
The system (4”) will be written in new variables as follows: 


us = Mayr t OpYe t+... + Oinyn+ 81 (Y) 
a 
én = AoYo+ oe benYn -+- £2 (y) t (7) 
ayn 
ao AnYn + Bn oe 
where the column g(y) with elements g,(y), ..., gn(y) is defined 
by the equality 
g (y)= UF (Ty) (8) 
and satisfies the inequality** 
lg@l<nly| (9) 


where the number y (like the number ¢) may be made arbitrarily 
small by choosing a sufficiently small neighbourhood | «|< A (and, 
respectively, | y|< A)). 

Then, in accordance with equations (7) and inequalities (2) and 
(9), we find*** 


nr IL <= 
ca d 1d —- 1 dy; ,— dy; 
[yu |—— =a a7 l¥P= sa DY =x D (yu gitu-G)= 


2 4 saat 7 } 
= >i Re A; | yi aa: (O:xyayi + Oixynyi) + 
i=1 i>k 
1 = Lang oo 2 
oy Dy (Biyi + ivi) <(—%+84m) I YP? (s= Dy | bin }} 


* The proof of this lemma is given on pages 196-197. 


** If we define the norm of the matrix 4 =|| aj, lle. n-1 DY the equality 
4 


n pan 
\{ 4 l= ( > | ip |2)? it will be easy to verify tle truth of the inequality 
4, k= 


| 4v| < |] 4 |] x] 
Therefore, from inequality (4) and equality (8) it follows that 
lav) |<] C4] (7 (Uy t<el] AWM lity! 
and, thus, in inequality (9) we can put 
4=I[ lll] OMe. 
*** By g, we denote a number that is complex conjugate to y, (k=1, ..., 2). 
13* 
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that is, 
ad 
AY <(-atd+n)|y| 
whence 
Ly t<|yole aterm Ft) (yg = y (to) (10) 


Choose positive numbers 6 and y so that the inequalities a —6 >> 0 
and y»<.a—6 hold; then from (10) it follows that 


[yl<lyo| and lim y(t) =0 (11) 


i.e. the solution y = O of the system (7) is asymptotically stable. 
But the vectors x and y are connected by the linear transformation 
(5); therefore the solution « = 0 of the system (1) is asymptotically 
stable.* 


Proof of the lemma, First we shall show that with the aid of a transfor- 
mation w= Uz of the form (5) it is possible to reduce the system of 
differential equations 


—— = Aw (12) 


to a form in which: (a) the first variable z; does not appear on the right 
of all equations beginning with the second, and (b) in the first equation the 
coefficient of 2, is equal to the characteristic number A, of the matrix 4; 
i.e. to the following form: 


dz ' ' ; 
7 == 424 -} Dig2e +... + bin2n, ) 
dz , ; 
7 = boo%q + .--+dantn, (13) 
az ’ ‘ : 
= Bhoze t+... tonntn | 


For this purpose, it is sufficient, for the first column of the matrix U‘, 
to take the eigenvector «, which corresponds to the characteristic number 
Ay (Ave, = Ayeey, Uy & 0) and choose the other columns of the matrix wo, ..., wp 
so that together with w,they are linearly independent (then det U@ + 0). 

Indeed, the transformation «= U2 may be also written as follows: 


H = Uy2 4-1 Moo +... +Uyn2n (14) 


where 24,..-, 2, are the coordinates of the vector a in the basis 2, 
Uo, .+., Un. The system (12) has the solution 


a= aye (15) 


* In accordance with footnote ** on the preceding page, from the equa- 
lity (5) follows the inequality 


le] <N OI vl<N Ullyol<ll Oj 04 [I] wo). 
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Therefore, the transformed system of differential equations 


nr 
dz; : : 
7 = > bitn. (bal, vag?) (16) 
h=1 
has the solution by (14), 
2, eh, 29 ey 8g = (15’) 
which is only possible when 0;,=A4 and b3,=...=0),,=0, ie. when the 


system (16) has the form (13). ; 
Since in a linear nonsingular transformation, the characteristic equation 
of the matrix A does not change,* the matrix || 5j, ||2 has as its characte- 
ristic numbers the remaining n—1 characteristic numbers (Ag, ..., An) of 
the matrix 4. 
Applying a similar transformation to the system of the last n—1 equations 
(43) and so forth, we can finally, with the aid of a nonsingular linear 
transformation, reduce the initial system of differential equations to the form 


dz , i 
a= 124 + Ojg2o +... + bin2Zn, ) 

dz j 

i a AZ “+ ae + bonZns t (17) 
az 

Tt —— An2n 


Finally, we perform the transformation of variables 
Zn = typ (1. > 0; A=1,..., n) 
Then the system (17) will be replaced by the system (6) in which the off- 
diagonal coefficients 6;, = '-'b;, (i<k) may be made arbitrarily small in 


absolute value if the number 1 > 0 is chosen sufficiently small. The lemma 
is proved. 


39. Criteria of Asymptotic Stability of 
Linear Systems 


In the preceding two sections it was established that in the 
stationary case, the zero solution of an arbitrary (nonlinear) system 
of differential equations in deviations is asymptotically stable if 
all the roots of the characteristic equation composed for the matrix 
of coefficients of a linear approximation have negative real parts. 


* The characteristic equations of the matrices 4 and U-1AU (see foot- 
note** on page 194) coincide since 
U-1(A—iAE) US=UAAU—AE 
and therefore 
det (U-14U—1E) = det U-1 det (A —X.E) det U= det (4 — AE) 


(# is the unit matrix). 
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Therefore, of great practical importance become the necessary and 
sufficient conditions that all the roots of the algebraic equation 
with real coefficients 


f(A) ag" Lah. tan gh+an=0 (a >0) (A) 

have negative real parts. 
Denote by Ag(kK =1,..., g) the real, and by r; + is; 
(i=14, Meus “54 | the complex roots of the equation (1), and 


assume that in the complex plane all these roots lie to the left 
of the imaginary axis, i.e. that 


Anr<ZO, rj<0 (k=1,....8; j=4,-.., 4] (2) 


Then 


n-6é 


g Os 
F(A) = ao Di (A— Aa) [| (A—r3—is3) (A—r;-+is;)= 


n—-g 
g Se 
=a, UT (A —Ar) i (42 — Or sA +r? +53) (3) 


Since, by the inequalities (2), each term in the last part of (3) 
has positive coefficients, it follows that in (1) all the coefficients 
are positive. The positivity of all coefficients is a necessary (for 
@ >> 0) but by no means sufficient condition for all roots of the 
equation (1) to be located to the left of the imaginary axis. 

In 1875 the English mechanician Routh, with whom the reader 
is already acquainted, produced an algorithm by means of which 
it is possible, using the coefficients of the polynomial f (A), to find 
out whether the polynomial is “stable”, i.e. whether all its roots 
have negative real parts. In 1895, the German mathematician 
Hurwitz, independently of Routh, established the very same criterion 
in a modified form with the help of determinants (Hurwitz deter- 
minants): 


Qy Ag Ay wwe eae 
Qo ao a, eee eae 
a, a3 O ay a3...... 
Ay = aX, A: = ’ ’ An (4) 
Ay Ae 0 op Ag «ee ees 


(Here, ap = 0 for p > n everywhere.) 
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The Routh-Hurwitz condition. For ail roots of equation (1) to 
have negative real parts, itis necessary and sufficient that the following 
inequalities hold: 


A, >0, As>0O,..., An>O (9) 


lf the coefficients of (1) are given as numbers, then the conditions 
(5) are readily verified. But if the coefficients of (1) contain literal 
parameters. then the computation of the deterininants A, for large 
k is already complicated. 

It is therefore of interest to examine other conditions established 
in 1914 by the French mathematicians Liénard and Chipart. In 
these conditions, the number of determinantal inequalities is roughly 
half that in the conditions (5) of Routh and Hurwitz. 

The Liénard-Chipart conditions. For a polynomial f (A) = a,” + 
faa" +... + a,-44 + a,, when a) > 0, to have all roots with 
negative real parts, it is necessary and sufficient that 

(1) all coefficients of the polynomial f (A) be positive 


a, > 9, dy > 0, ..., An > 0 (6) 
(2) the determinantal inequalities 
An-1 >> 0, An-3>0, ... (7) 


be valid. (Here, as before, A, denotes the Hurwitz determinant of 
the Ath order.) 

We shall now get acquainted with the geometric criterion of 
Stability. 

In the equality* 


f(A)=ao [] (Aa) 
k=1 


replace 4 by iw and let @ vary from —co to -+ oo. Compute the 
appropriate increment of the angle 0 = arg f (iw): 


ATS 6 (@) == Dy ATS arg (iw — Az) 


Now note that** (Fig. 47) 


m if ReA, <0 
ATS arg (i@ —A,) = 
rE ( r) —m if Rea, >>0 
* Here, the n roots of the polynomial f (A) are denoted by Ay, ..., A 


** We assume here that not a single one of the roots A, lies on the imaginary 
axis. 
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Therefore, denoting by / and r the number of roots lying to the 
left and, respectively, to the right of the imaginary axis (J + r = n), 
we will have 

AT? 0 (@) = (l—r) a 


We consider the curve described by the affix* of the complex 
number f (iw) as w varies from —oo to +-oo. This curve decomposes 
into two branches: on one w > 0, on the other » < 0. One branch 


Fig. 47 


is obtained from the other by a mirror mapping about the real axis, 
since f (iw) and f (—iw) are complex conjugate numbers. For this 
reason, denoting by A® the increment as @ varies from 0 to oo, 
we obtain 


AP 0 (@) = + ATE 6 () =(I—r) (8) 


Whence it is seen that all the roots will be located to the left 
of the imaginary axis (J==n, r=0) when, and only when, 


Ai’ 6 (@) =n > (9) 


Geometric criterion of stability.** For a polynomial f (A) to be 
stable, i.e. for all its roots to be located to the left of the imaginary 
axis, it is necessary and Sufficient: 

(1) that the hodograph of f (iw), a8 o varies from 0 to oo, should 
not pass through the zero point*** and 

(2) that for this hodograph 


CO Tt 
Aj O=n= 


* The affix of a complex number z is an appropriate point ih the complex 
z-plane. 

** This criterion was first applied by A. V. Mikhailov for investigating au- 
tomatic control systems. For this reason, in the technical literature, the geo- 
metric criterion of stability is frequently called Mikhailov’s criterion. 

*** Condition (1) significs that f (A) does not have any purely imaginary roots. 
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where n is the degree of the polynomial f (A) (see Fig. 48 for n = 6). 
Note that for a stable polynomial* the argument 6 varies mono- 
tonically as @ varies from 0 to oo. This follows from the formula 


fs 


8 (wo) = 2 arg (im — dz) 


since for such a polynomial each summand on the right-hand side 
is a monotonic increasing function of o. 


Vv 


Fig. 48 


Example. Let f (A)=A5-+5A4-+ 1003+ 1142+ 7142. Then f (i@)=U (@)-+ 
+ iV (@) where 
U (@) = 5@4— 1102+ 2, V (@) =o (w@4— 100? + 7) 


To construct the hodograph of f (iw) we note that U (0)-=2 and V (@) vanishes 
at @=0 and at @=@4, @=02(0< 1 <@); the squares @} and 3 are 
determined from the quadratic equation 


o2=5— 1/18 = 0.76; w2 =5 + 18 = 9.24 


It will readily be seen that UV (w,) <0, U (@2) > 0. Besides, V’ (0) = 7 > 0. 

Thus, for @ = 0 the hodograph begins on the positive real axis, gocs upwards 
at first, intersects the positive imaginary axis, then the negative real axis (at 
® = @,), the negative imaginary axis, and, finally, again the positive real axis 
(at @ = @2). When @ > @», the hodograph does not intersect the coordinate 
axes and goes off to infinity in the fifth quadrant (U > 0, V > 0), since n = 5. 


Here, tan§@ = rin — too when o-»-+ oo. Hence, 


s a 
AU? oF 
i.e. f (A) is a stable polynomial. 


We could arrive at the same conclusion by proceeding from the Liénard- 
Chipart criterion, since all the coefficients in f (A) are positive and 


5 4 2 0 
5 44 110 7 0 
d= 10| 2° M=lo 5 44 947° 
0 1 0 7 


* The stable polynomial is also called the Hurwitz polynomial. 


CHAPTER 6 


Small Oscillations 


40. Small Oscillations of a Conservative Syslem 


IF at an initial instant of time the position of a scleronomic system 
is chosen sufficiently close to a position of stable equilibrium and 
the initial velocities are sufficiently small in absolute value, then 
throughout all the motion both the deviations from the position of 
equilibrium and the generalized velocities will be small in absolute 
value. This circumstance permits retaining, in the dilferential 
equations of motion, only the linear terms in the deviations and 
the velocities, and higher-order terms may be rejected. Then the 
differential equations of motion become linear, i.e. the problem is 
“linearized”. In this section we will consider the linearization of 
equations of motion for a conservative system. 

The kinetic and the potential energy of a conservative system with 
n degrees of freedom are expressed in terms of the independent 


coordinates gq; and the generalized velocities qi (i= 1, ..., n) in 
the following manner: 


n 


{ eo . 
Pos >» Qin (Gis -os Qn) Vins I=IN (gy, .--, Gn) (41) 


i, Rk=1 


As in the preceding chapter, we assume that the coordinate origin 


n= = g, = 0 is a position of equilibrium and that in this 
position T = 0, Expand the coefficients a;, (qi, ..., dn) in Series 
in powers of the coordinates: 

Qin (iy +++) Yn) =Gink-+... (i, k=4,..., 27) (2) 


where @j, = aj, (0,..., 0). (ain =Gyis i, K=1,..., m) are constants. 
Putting these expressions for the coefficients into formula (1) for 
the kinetic energy, we have 
nr 
4 eme 
T=> Dy ainGiqa + (+) (3) 
i, k= 
where by (#*) we denote the sum of the terms of third and higher 
orders in g; and 9g; (i=1,..., 7). 
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Also expand the potential energy in a power series of the coor- 
dinates: 


tert ($.-), 94 +3 (=< ) Jign + (*#) 


By hypothesis, I[)—0. Besides, the generalized forces in the equi- 
librium position are zero: 


@ =(4~),=0 GS leon) 


09: 
Therefore, introducing the notation 


a2iT ; 
ca=(s>5-), (Cin = Crt i, aN, cy) (4) 
we can also represent the potential energy in the form 
nr 
=~ DD) cingign+ (**) (9) 
i,h=1 


Dropping terms of the third and higher orders of smallness in 


gi and Dh in formulas (3) and (5), we can represent the kinetic 
and potential eee as quadratic forms with constant coefficients: 


n 


1 ¥ Ging iDr => SD) CengiGe (6) 
i, k=l t,k=1 
where Qin = ni, Cin Cpi (i, k=1,..., 7). 


From the physical meaning of the kinetic energy it is clear that 
always 7 >0O. Since we assume that the position of equilibrium 
is not a singular point*, then always 7’>>0 if only not all gene- 
ralized velocities are simultaneously equal to zero, i.e. the quad- 


nr 
ratic form >) dingign = 27 is positive definite 
i, k= 


n nr 
. 2 AinGir > 0 (2 qi > 0) (7) 

Further, in order to ensure stability of the given position of equi- 
librium, we demand that (in accord with the Lagrange theorem) 
the potential energy have a strict minimum in the equilibrium 
position. Since II, = 0, this means that in a certain neighbourhood 
of the origin 


ay CinGiga > 0 (2 qi > 0) (8) 


* See footnote on page 47. 
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But the quadratic form (8) is a quadratic homogeneous function 
in the coordinates. Hence, inequality (8) holds throughout the space, 
with the exception of the origin where this form vanishes. In other 
words, the potential energy is now represented as a positive definite 
quadratic form in the coordinates.* 

Form the Lagrange equations by proceeding from the expressions 
(6) for T and I: 


a (aingn + ciungxn) =O (i=1,..., 2) (9) 


We shall seek a particular solution of this system of linear diffe- 
rential equations in the form 


gi=ujsin(@t+a) (i= 14,..., 7) (10) 


i.e. in the form of harmonic oscillations with one and the same 
frequency » and the same constant ao for all coordinates. 
Substituting expressions (10) for g; in the differential equations 
(9) and setting 
A=? (11) 
we obtain the following system of algebraic equations [after can- 
celling out sin(wt--a@)] that are linear in the amplitudes u;:** 


> (Cig —AQiy)Ug=O ((=—1,..., n) (12) 
h=-1 


Since all the amplitudes u; of the sought-for oscillation must not 
vanish, the determinant of the system of homogeneous equations 
(42) must be equal to zero: 


Cip— Ay, Cyn — Aye .. - Cin — Adyn 
C24 — hag, Con — Addog . . « Con — Adon 
Ge ag: Sie ae cat fae sie abr oils ee sake Ty <a Sura ed eo =-Q (13) 
Cnp~— Aan, Cn2— Aang... Cnn —AQnn 
* Of course, cases are possible when the function II (q1, ..., q,) prior to 


rejection of terms (**) has a strict minimum at the origin, and after rejection 
of these terms has a nonstrict minimum at the same point (for example, II = 
= 02 (gp Pe we Hg, )? ae a (at na oP gn), ¢ > 0, d > 0. But'we shall con- 
sider such cases as special and exclude them. In these special cases, rejection 
of the terms (**) in the expression for II is not justified, since it can radically 
distort the picture of the motion. 

** We call u; the amplitude of harmonic oscillation (10) of the coordinate q;, 
though actually the absolute value | u;| is the amplitude; the initial phase 
(at t = 0) of harmonic oscillations (10) is either @ (at u; > 0) or —a@ (at uj; < 0). 
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Expanding the determinant, we get on the left-hand side a poly- 
nomial of degree n in A. Thus, the square of the frequency A = @? 
of the desired harmonic solution (10) must satisfy the nth degree 
algebraic equation (13), which is called the secular equation or 
frequency equation. 

To every root A of (43) there corresponds a particular solution 
(10) (for an arbitrary constant a) of the system of differential equa- 
tions (9). In this solution, o = V2. 

Write the above formulas in matrix form. We introduce two 
symmetric positive definite matrices* 


Ayy oe Ayn Cyqy ees Can 
A=|lau||/=||... - .|, C=llenfj==]. 2...) 4) 
aQn4 eee Ann Cri eee Cnn 


and the column vectors 


Q=|| -ll, w=]. (15) 


Qn || Un 


(uw is the amplitude vector), Then the system of differential equa- 
tions (9) will be written as 


Aq+-Cqa=0 (46) 
The particular solution (10) will look like 
q= usin (wt +a) (17) 


and the result of substituting the solution (17) into equation (16), 
i.e. the system of algebraic equations (12), has the form 


(C—hA)u=0 (A=?) (18) 
The frequency equation will be written as 
det(C—A4)=0 (A =?) (19) 


So as to figure out whether the roots A of the secular equation (19) 
are always real and positive, first consider some properties of 
quadratic forms with real coefficients. 


* The symmetric matrix A=||aj,||{ is called positive definite if the 
nr 
quadratic form >) 2inQiqn corresponding to it is positive definite. 
i, k=1t 
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n 
To each quadratic form >) aj,uju, there corresponds a certain 


i, k=i1 
nr 
bilinear form >} aj,ujv, for which we introduce the abbreviated 
i, R=1 


notation 


mt 
A(u, v)= >» ayyuyvr 


1, k=] 


Then the quadratic form will be written as 


n 
A(u,u)= 2 Aj,UjUp 
1, ae 


The following properties of a bilinear form are readily verifiable: 

1°. A(we,-+ ate, vy =A (tty, Y)-+ A (te, 0). 

2°, A(hu, v)=AA (em, 7) (A is a scalar). 

3°. A(u, v)=A(v, 1).* 

We shall also show that for any complex vector w: 

4°. A(u, wu) is a real number. ** 

Indeed, setting w—=¢e-+iew (@ and a are real column vectors) 
we find, by virtue of 1° to 3°: 


A(u, u) = A(r—-iuw, r—iw)=A(e, v)—iA (1, w) + iA (ar, v) + 
+ A(w, w)=A(p, v) + A(w, w) (20) 


The last expression is obviously real. 

Froin (20) it also follows that: 

5°. If A(u, w) is a positive definite quadratic form and u «0 
is an arbitrary complex vector, then 


A(u, u)>0 (£0) (21) 


Indeed, assuming w= 1 -+-ie we have A (v, v) > 0, and 
A (ar, uw) > 0. In one of these relations we have the sign >, since 
from w 0 follows at least one of the inequalities v 40, w 0. 
Then from equality (20) follows the equality (21). 

Let us now prove: 

6°. If X is a root of the secular equation det (C —AA) = 0, and 
u is the amplitude vector corresponding to it [see (18)] 


Cu=hAu (u = 0) (22) 


* Unlike equalities 14° and 2°, equality 3° holds only for a bilinear form 
with a symmetric matrix of coefficients. 
** The bar marks the transition to complex conjugate quantities. Property 4° 
is valid only for a symmetric matrix with real elements, 
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then for any vector 2 
C (u, v) =)A (4, V) (23) 


‘Indeed, in scalar notation, (22) takes the form 


>) CiRUp = Xd > aAipup (a1, sey n) (22’) 
k=1 k=1 


Multiplying both sides of the ith equation of (22’) by v; and 
summing over t, we get 


n nr 
> CiRVilly = > Qigviuy 
i, h=1 i, R=1 
which is the equality (23). 

We shall now show that for any two amplitude vectors u and wu’ 
corresponding to different roots } and d’ (X 2X’) of the secular equa- 
tion the following relation* is valid: 


A (u, u') = 0 (24) 
Indeed, according to 6°, two equations hold: 
C(u, w)=AA(u, w'), C(u, w)=NA(U, Uw’) (25) 


But A 4)’. Therefore, from (25) follows relation (24).** 

We now prove that from the symmetrical nature of the matrices A 
and C' and from the positive definiteness of the matrix A tt follows that 
the secular equation (13) lor (19)] has only real roots. 


Indeed, let 4 be a complex root of the secular equation (A A) 
and let a complex vector #« £0 correspond to it. Then A is also 
a root of the secular equation with amplitude vector w. Since A A, 


it follows from what has been proved that A (wu, wu) = 0, but this 
contradicts the inequality (21). 

If X is real, then also the amplitude vector w +0 that corresponds 
to it may be chosen real. Now, putting v = a in (23) and noting that 


* If we introduce into n-dimensional space an A metric, i.e. if we take 
the square of the length of the vector « to be the magnitude of the quadratic 
form 

n 
A (u, u’)= > Aj, Uz, 
i, kh=1 


then A (wz, w’) is the “scalar product” of the vectors « and wz’ in this metric. 
Therefore, (3) expresses the following property of amplitude vectors: amplitude 
vectors corresponding to different roots of the secular equation are always mu- 
tually orthogonal in the A metric. 

** By virtue of (25), A (w, wz’) = 0 takes place along with C (wu, wu’) = 0. 
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A (u, u) > 0, we find 


_ Clu, w) 
N= A (uw, &) (26) 
But in our case the quadratic form C (2, 2) = > Cj,Uju, is also 


i, k=1 
positive delinite. Then not only A(u, «)>0, but also C (a, a) >> 0. 
Hence, A> 0. 

Thus, the secular equation (13) has m positive roots A;, to which 
there correspond real positive frequencies w;= VA, and real ampli- 
tude vectors w;(j= 1, ..., 7). 

Let us first consider the case when all the roots of the secular 
equation are distinct. To each A; there corresponds a particular 
solution 


q = UW; sin (wjt + a,) (w; = VA,;) (27) 
with an amplitude vector w,, the coordinates of which uyj, ..., Unj 
must satisfy the system of linear equations 

n 
Dy (cin — Adin) Uny =O (i=1,..., 7) (28) 
or in matrix notation 
(C—A;A) uj; =0 (29) 


Since the system of differential equations (9) [or (16)] is linear, 
the linear combination with constant coefficients of the solutions (27) 
is again a solution of this system. For this reason 


q= 2d Cyujsin (oft +) (op=VAz foit,..., 7) (30) 
= 

with arbitrary constants Cj, a;(j=1,..., n) is a solution of the 
system (9) or (16). We shall show that the formula (30) embraces 
all motions of the system. 


We shall first prove that mn amplitude vectors w;(j=1,..., 7) 
are linearly independent.* Indeed, let 


n 
>, cjuj=0. 
j=1 


Then for any fixed k(A4<k <n) 


Q=A (at, pay C;U;) = x cjA (ey, U.;) (31) 
j= j= 


* This was proved in Sec. 37 for the special case when A is a unit matrix. 
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But A (ae,, 2;)= 0 for k=4j and A(ew,, w;)>>0 for k =j. Therefore, 
from equalities (31) it follows that 


,=-0 (k=1,..., n) 


i.e. there can be no linear relationship between the vectors 
Uy, oer, bby. 

Now in formula (30) we choose the values of the arbitrary 
constants C;, a; in such manner that the following arbitrary 
preassigned initial conditions should hold: 


9: (0) = Qo 9:(0) = Gin (C= 1, .-, 2) (32) 
or in matrix notation 


q (0) =o, 9 (0) =4o (33) 
From formula (30) we get 


n 
a= 3} Cysin aay, 
= 
oe (34) 
Qo= J) wjCj cosajwy 
j=1 
By virtue of the linear independence of the vectors uj(j = 41,... 

., ”), We determine uniquely from this the products C; sin ay 
and qj Cjcosa,; and, consequently, since w,; 0, we uniquely 
determine the values of the arbitrary constants C; and ay; 
oe Ceere ) eg 

Thus, in the absence of multiple roots in the secular equation 
the formula (30) embraces all oscillations of the system.** 

Now if the frequency equation has multiple roots, then it may 
be asserted that there will be at least m solutions of the form 
uw sin (wt -- «), where m is the number of distinct roots A; of the 
secular equation. 

Lagrange considered that in the case of multiple frequencies, 
the general solution of the system (9) is no longer representable 
in the form (30) and that on the right-hand side of (30) so-called 
secular terms of the form 


(w+ w't+ ut? +...) sin (ot-+ a) 


appear. 


* The a; are determined up to an additive a multiple of 2x. 
** Tle following relations hold for the amplitude vectors w;: 


n 


A (uj, Uy) = > Qin Ui jUpp=O (AR; 7, h=1, ..-, 2) 
i, h=t 


14—3420 
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However, Lagrange was in error. As Weierstrass demonstrated 
later, to each root of multiplicity p there corresponds exactly p 
linearly independent solutions of the system of linear equations 
(12), i.e. for each root A; of multiplicity p it is possible to find p 
linearly independent amplitude vectors. Thus, also in the case of 
multiple frequencies there exist n linearly independent amplitude 
vectors, and the forraula (30) which is formed with their help yields 
a general solution in this case as well. 

The oscillations 


q=Cju;sin(wjt+a;) (j=1,..., 2) (35) 


that make up an arbitrary oscillation of a system are called principal 
oscillations of the system. 

A rigorous derivation of the formula (30) for the general case 
(i.e. given multiple frequencies as well) with the aid of the so-called 
“normal” coordinates will be given in the next section. In this 
derivation, the case of multiple roots of the secular equation is 
not specifically isolated. 

Example. Coupled pendulums. The points of suspension of two identical 


simple pendulums each of mass m and length / are located on one horizontal 
straight line. Points of these pendulums, at a distance & from the points of 


¥ 
] 
} 
i 
} 
\ 
j 
! 
j 
I 
i 
] 
1 


Fig. 49 


suspension (0 < hk < 1) are connected by a spring of rigidity y; the spring is 
relaxed when the pendulums occupy the vertical position. It is required to deter- 
mine the oscillation of the system in the vertical plane. 

For the independent coordinates we take the angles @; and gz formed by 
the pendulums and the vertical (Fig. 49). In the equilibrium position, @, = p2. = 
= (). Up to higher-order infinitesimals, the extension of the spring is equal to 
h | sin @; — sin Q | = h | G, — GQ, |. Therefore, in the given case 


1 
=a nl? (pit 3), 
TI = mgl (1— cos 1) + mgl (1— cos gg) + 
h2 —(,)2 1 4 
se a2 oy +... = mel (Pi 2) +z VR? (P2— G1)? oe 
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IY a Se ae ee 
Retaining in II only the quadratic terms, we finally get 
1 : Sa 
T= 4 (9+ 43) 


7) 
1 
T= ¢ (@i + 2) —b0 192 


where 
a=ml2, c=mgl+yh2 
b= yh? 
Write the equation of frequencies 
c—Aaq —b _ 
5 ‘esa? ao) 


and one of two equations for determining the amplitudes in the principal 
oscillations (these two equations are dependent): 


(c—Aa) uy— bun =0, 1.e, Gis one 
From the frequency equation we get 


car ea 
Accordingly, for the first principal oscillation u,=:ug=C, and 


gi =C, sin (@yt-+ a1), Fo= Cy, Sin (Wye a4) (y= qe) 
for the second u,=-~ug=C, and 


Pi =Cosin (M@f+A2), Po= —Cygsin(@et+a2) (p= — a) 

In the first principal oscillation both pendulums are all the time in one phase, 
the spring is relaxed and the pendulums do not exert any effect on one another. 
In the second principal oscillation the pendulums are all the time in opposite 
phases. 


Arbitrary oscillation is obtained by superimposition of the two principal 
oscillations: 


Q 


My = Cy sin (@yt-+ &4) + Co Sin (Wot + Go) 
Po = Cy sin (@yt-+ &,)— Cy sin (Wet + ae) 


414. Normal Coordinates 
Two quadratic forms 


n 


A(q, ay pf Qindidr 


and 


(4) 


emt ere to ee 


C@, Q)=. pa CinQiqh J 
i, k=t 


of which at least one, say A (q,q), is positive definite, can always, 
by means of one and the same (nonsingular) transformation of 


14* 
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variables, 
w= 3 ui8) (i=4, ..., m5 det (uj;)i jo, 0) (2) 
be reduced to the “sum of squares” 
A(a, a) = 3 8% Cla, a) = 3 1,65 (3) 


Here, all A;>>0, since (see Sec. 40) the form C(qg,@) is also 
positive definite. 


Since the generalized velocities 0; and 0; are connected by the 
same relations which connect the q; and 0;: 


n 
qi 23 Hii; i=1, ees, 1), 
j= 


it follows that in the first of the equalities (3) we can replace gq; 


and 8; by di and 8;, after which we get the following expressions 
for the kinetic energy and the polential energy: 


nr n 
4 es 4 So 
fas >; Oita Dy OF 
t, kh=1 j=1 r 


{ (4) 


| 
) 


The variables 9,,..., 9, are called normal or principal coordi- 
nates. The formulas (2) of transformation from arbitrary coordina- 
tes to normal coordinates may be given in vector notation as 
follows: 


n 


| 
bol = 
M 
= 
Ms 
— 
— 


Cikdide = > 


2. 
oo 
I 
—_ 
wm. 
li 
ae 


rn) 
q= pai Oyu; (9) 
where 
a u4j 
q>= » “ej Gj = 1, ’ n) 


dn Unj 
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Since the transformation of coordinates (2) is nonsingular, the 
corresponding determinant is nonzero: 


det (u;;)t, jar O 


icc. the vectors w,,..., %#, are linearly independent. 
Utilizing the simple expressions (4) for T and II in normal 
coordinates, form the Lagrange equations in these coordinates: 


0;+4,0;=0 G=1, euey n) (6) 


Each of these equations contains only one unknown function. The 
general solutions of the equations (6) are known to determine the 
harmonic oscillations 


8;=C;sin(@;t+a;) G=1,..., n) (7) 


where C; and a; are arbitrary constants (j=1,..., m). Substitu- 
ting these expressions into formula (5), we get a general formula 
for oscillations: 


q= >).C;u;sin (jt -- o;) (8) 
j= 


It is thus rigorously established that this formula embraces all 
small oscillations of a conservative system in the most general 
case.* 

Assuming, in formula (8), all arbitrary constants, except C; and 
a;, equal to zero, we get the jth “principal” harmonic oscillation 


q =C ju; sin (jt -- a) (9) 


(In normal coordinates, this oscillation occurs when all 0; = 0 
for it =£j, and only the coordinate 8; changes.) In the preceding 
section it was established that the square of the frequency A; = «} 
satisfies the frequency equation. Since for g there exist no harmonic 
oscillations of the type (9), other than those which occur as summands 
in the general formula (8), it follows that A; = w} G = 1,..., n) 
are all the roots of the secular equation. Besides, if some root is 
repeated p times, then to it there correspond p linearly independent 
amplitude vectors w; determined from the system of linear equations 
(28) or (29) of the preceding section. 

We have thus again proved that all the roots A; of the secular 
equation are real and positive and we have established that to the 


n frequencies w; = VA; there correspond 7 linearly independent 
amplitude vectors uw;(j = 1, ..., n). 


* In the preceding section, this formula was established solely for the case 
when the secular equation has no multiple roots. 
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Substituting into the formula A (gq, g) the expression (5) for g 
in place of g, we obtain 


n mr nr 
A(q, gq) =A( pay 052 5, py On 2n) = pr (%;, Un) 839, (40) 
I= = ,_= 
On the other hand, 


A(a, a) = 28 (14) 

j= 
Comparing (10) and (11), we get the following relations* for the 
amplitude vectors w#;(j==1,..., m), with the aid of which, using 


formula (5), the transformation to normal coordinates is accomplished: 
A Ty, 


0, je j, GPa he vee) (12) 


A (t:, A) =6);= | 


42. The Effect of Periodic External Forces 
on the Oscillations of a Conservative 


System 
Aside from the potential forces - =, let a system be acted 
z 
upon by certain forces Q; =Q;(t) (i=1,..., m). Pass to the nor- 
mal coordinates using the formulas 
n 
G= 2 wih; (i=1, evey Ty det (u;;)i, j=1 0) (1) 
= 
To the forces Q; in coordinates q;(i=1,..., m) there correspond 
the forces ©; in coordinates 6;(j=1,..., 7). Proceeding from 


the fact that the expressions for the elementary work of the 
forces are equal, let us establish a relation between Q; and 0; 


n n 
> Q;6q: = 2, @ ,60, (2) 
Noting that by virtue of formulas (1) 
Bai 3 uis88, G=1 4405 (3) 
and substituting these expressions for 5g; into (2) we obtain 
n n n 
2 (2 11 ;Qi) 58; = &, 0 68; (4) 
* In other words, the vectors w;(j= 1, ..., m) are orthonormal in the A 


Inetric (see footnote on page 207): 
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Hence, equating the coefficients of the independent increments of 


the normal coordinates 68;, we get 
0; = Bi wisQ: G4 )ccig i) (5) 


Thus, if the “old” coordinates g; are expressed in terms of the 
“new” ones 8; by means of the matrix U =|| uj; ||: 


Gy = U 484 ~j- Uygo +... + UinDn, 
x = Ug Oy + U990z -+- . . . + UenBn, (q= U0, det U 0) (6) 


Qn = Uny94 + Une +... + UnnDn 
then the “new” generalized forces 0; are expressed in terms of 
the “old” generalized forces Q; by transposing the matrix 0’: 


O, = Uy1Q, + UaQet+...+UniQn 
Oy = Uy2Q, + Use +... + Un2Qn (0=U'Q) (7) 


On = UynQi + en Qe ose) + UnnQn 

Comparing the matrix aie q = U@ and Q = (U’)'0, we 
see that in passing from coordinates to forces the transformation 
matrix U is replaced* by the matrix (U’)". 

This is expressed in words as follows: the generalized forces are 
transformed contravarianily with respect to the coordinates.** 

After learning how to determine the 0, from the given Q;, let 
us write the Lagrange equations in normal coordinates using for 
Tf and II the expressions (4) of the preceding section: 


0;+0%,=O,(t) (j=1,..., 7) (8) 


Denote by 6F (j-=1,...,”) an arbitrary particular solution 
of equation (8). Then the general solution of (8) will be 


0;=C;sin(@jt+ a;)+0F (j=1,..., 7) (9) 
Let 0;(¢) be the ‘periodic force and let this force be sinusoidal 
with frequency : 


Q, (t) = A; sin Qt (10) 
Then it will readily be seen that for the 67 we can take 
A 
OF = — Gs sin Qt (14) 
‘it U= | wzy Ni is an orthogonal matrix, then (U’)-1 = U, and the 


forces are transformed exactly like the coordinates. 

** In the general case, when the transformation of coordinates is nonlinear, 
the aduccalizad forces are transformed contravariantly with respect to the di- 
fferentials of coordinates. 
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If Q;(t) (t=1,...,m), and hence also @;(t) (j= 14, ....m) are 
arbitrary periodic forces with period t and frequency Q= ft , 


it follows that ©, (f) may be expanded in a Fourier series: 


0; (t)= 2; Ajm sin (mQ¢ + 9 jm) 


GH 1) (12) 
Then, by virtue of the linearity of the equations (8), 
+S Aim 
0; = >, apomagT Sin (MOL + Pim) G= 1, veer) (13) 
m=0 
If some m coincides with w;, and the corresponding 4;,, 40, 
then for the coordinate 8; we have the phenomenon of resonance. 
Substituting expressions (9) for 0; into the formula 


n 
g= 2 O52; 
I= 
we get 
q=a+¢" (14) 
where 
— sh = 
q= 2 C 3a; sin (wjt + a;) (15) 
I= 
are the free oscillations and 
n 
are the forced oscillations of a ston, and ui is the amplitude 
vector with coordinates u4;, Uej, .--,Uny F=14, n). 


43. Extremal Properties of Frequencies of a Conservative 
System. Rayleigh’s Theorem on Frequency Variation 
with Change in Inertia and Rigidity of the System. 
Superimposition of Constraints 


In Sec. 44 we considered the linear nonsingular transformation 
of coordinates 


n 
q= a Oj 2; (1) 
= 
or, in scalar notation, 


a= 2 uj;j0; (i=1,..., m3 det (ui;)i, 3214 0) (1) 
I= 
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that accomplishes the transition to the normal coordinates 
6,, -.-, 9, in which the quadratic forms* 


n nr 


A(q, =, >) 4ngige, C§(@, q)=, p2 ciate (2) 


= , R= 


have the simple (“canonical”) form: 
A(q, W= 29}, Cla, 9) = 2D 0785 (3) 
j= j= 


From now on we shall assume that the principal oscillations are 
numbered in such fashion that their frequencies proceed in the 
following increasing order: 


W1< Me <<... KW, (4) 


Consider the ratio of quadratic forms (3) 


C(q,q) _ 184+ o205 +... +079, 5) 
AGH — F+8+... 48, 
for any g=£0 or, which is the same thing, for anv values 
0,,..., 9, that are not simultaneously equal to zero. Replacing 
all the wi in the numerator of (5) by a smaller or equal number 
wi, we have 

Cc (q, q) 2 5 

A(q,@) 7" ©) 


Ou the other hand, from (5) it is at once obvious that for @.=. 


.=0,=0 the ratio ee. attains the value wi. Hence.** 


C(q, @) (7) 


@? == mia 
: A(q, 7) 


* C(q,q) is the doubled potential energy, and A(q, q) is obtained from 


the expression for the doubled kinetic energy A(q, g) by aes q by ¢ 
** If on a real-numher axis we plot the points w?, 3, ..., @% and at 


these points concentrate masses m,-=0%, mo= 0%, ..., mn = 6h, ilies: by (5), 


C(q, @) 


the quantity 4 will he the coordinate of the centre of these masses. 


Whence follow immediately the relations (6) and (7), since the centre of 
mass is always located between the extreme masses and coincides with one 
of the extreme masses when all the other masses are zero. 
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Now let a linear homogeneous constraint* be imposed on the system 


Lay tledat... +lngn =0 (2 1} > 0) (8) 


Expressing 41, ga, --., Qn in terms of the normal coordinates by 
means of the transformation (1), we will again have, in normal 
coordinates, a linear homogeneous constraint: 


n 
10, + UOg+... +10, =0 (x li? > 0) (8°) 
= 
We abbreviate constraint (8) or (8’) to 
L=0 
It is always possible to find the values 6, and 0, such that toge- 
ther with 0,;=...=0,=0 they will satisfy the constraint equa- 
tion (8’). According to formula (5), for the corresponding gq, 
C(Q,@Q) _ a0} + 0303 2 
Cr an 
Therefore, also,** 
* C (q, q) 2 
rn Ala, a <™ ©) 


We shall now vary the constraint L=0. Then the left side in 
the inequality (9) will vary remaining all the time smaller than 
or equal to w}. But for the constraint 9,=0 (here li=1, l;=... 

; -  C(g, @) 
ae Boia 
n=O) the ratio AG, 9) 
C(q, @) w303-+...-—- w202 


is given by the formula 


AQ, Q) BP. 08 
and for this reason [by analogy with formulas (5) and (7)} 
* If a nonlinear constraint is given and the equilibrium position satisfies 


the equation of the constraint, then there is no absolute term in power 
expansion of the left side of the constraint equation: 


n 
Lyqa-tlogat+.--+Indat >) lin gignt--.=0 
i, k=1 


n 
Besides, we assume that there are indeed linear terms, i.e. that DY 12> 0. 
i={ 
Then, rejecting second and higher-order terms, we represent the constraint 


equation as (8), 
** The symbol on the left of the inequality (9) denotes the minimum of the 


Cc 
ee , provided that only vectors g #0 are considered that satisfy the 


constraint equation (8). 


ratio 
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C (q, q) we 2 


min = W 
a=9 414 9) . 


Thus, of all the constraints of form L=O the quantity 


- C(9,q@) 
mln ———_—— 


reaches its greatest value w; with the constraint 6,=0. Hence, 


s C(q, q) Su 2 
ee 409 (19) 


In place of one constraint D=0, it is possible to impose on the 


system a number of constraints L,=0,..., Lr~=0. As was done 
in the special case of one constraint, it is possible to show that 
- C(q,@) 
wok =maxmin ———+  (h=2,...,n 14 
h Li=0 A(q, 9) ( ’ ’ ) ( ) 
Uy (= 


The formulas (7) and (41) express the extremal properties of fre- 
quencies of a conservative system. These properties are sometimes 
called maximinimal properties. 

In place of the formulas (7) and (11), we can easily obtain 
similar formulas: 


C (q, ’ 

oh =max—G 72-2) (7’) 

2 ao . Be C (q, q) rs oe ’ 

On—n = min Max 7G) 7) (h=1,...,”2—1) (11’) 
L,=0 


The extremal properties of the principal frequencies expressed by 
(7') and (11’) are sometimes called minimaximal properties. 

In addition to the given system, let us consider yet another 
conservative system with kinetic and potential energies 


ri] nr 
Me pe 4 Br ea 1 4 = 
zA(q@, nN=>5 >} QinGidhs zl (@, qQ)=-7 > Cingign (12) 
i, h=t i, k=1 


aud with principal frequencies 


0, < We<... <p (43) 
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For this system 


ot = min 2 o) (14) 
A (q, @) 
~, . C(q,q) 
w;, = Max min ———- _ (h=2,...,n 15 
: a A(q, @) ( ( 
Ly _4=0 


Let the new system have greater rigidity for the same inertia, 
i.e. for any g 


o~ 


A(a M=Ala, M, Clg,9)>€(@, @) 
or less inertia for the same rigidity 
A(a, )<A(q a), Ela, a)=C (a, 9) 
In both cases, for any g-<0, 


C(q, @) 
A(q, @) 


AOI (16) 
A(q, @) 
But then both the minimums and the maximums of these ratios 


will be connected by the same inequality, i.e. from the inequality 
(46), by virtue of (7), (44), (14), and (15), there follows 


a 
qe 


W;< 0; Nr eg n) (17) 


Here, at least one of these relations has the sign <, so long as 
the identity* 


ACN  A(q, 9) Vi 


does not hold. 

We have arrived at the Rayleigh theorem:** 

The principal frequencies increase when the rigidity of the system is 
increased or the inertia of the system is decreased.*** 

Let us find out how the imposition of constraints affects the 
niagnitudes of the principal frequencies m1 < we<...< @, of a 
conservative system. 


* Indeed, according to (5), identity (18) holds in the case of a; = ; j= 
ae ae ede 
** This theorem was established by the Englisl physicist Rayleigh in 1873 
(Rayleigh J. W. The Theory of Sound. Vol. 1, 2nd ed. Macmillan, London, 1894). 
*** How much the principal oscillations increase may be judged in the 
first case by the difference C(qg, g)—C (gq, gq), and in the second case by the 


difference A(q, ¢)—A (q@, @) [see 7]. 
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Impose on a system s independent linear constraints 
i= 0, Le=0, wey LV 


Let the conservative system thus obtained with n—s degrees 


of freedom have principal frequencies wf <a, <...<@n-—s. Here, 
of = min Ge (19) 

14=0 

i 20 
Comparing formula (19) with (7) and (11) (when h--i=s), we get 
O,< OF < Weu4 (20) 


In exactly the same way, for any h<n—s 


wo?” = max min Gee (21) 
T1=0,..., Ls=0 
Li=0,.. y Ly Hea. 
Here the constraints L,=-0, eran L, --Q are fixed, while the const- 


raints L,=—0,..., Lp-~ =O vary. Comparing (21) with (411) and 
with the formula 


‘ C(q, 9) 

2 ’ 

@pig==max min ———— 
+8 Ly=<0 A(q, ¥) 


Lh+s-1=0 
in which all s+-h—1 constraints vary, we will have 
On<OA<Onrs (N= 1, ..., N—S) (22) 


Formulas (22) show that in the imposition of s independent const- 
raints each of the first nm — s principal frequencies increases and in 
the process does not exceed the old principal frequency, the number 
of which is s units greater than the number of the given frequency. 


1. As an application of this proposition, it may be shown that the roots 
Ay <ho<...-<hy of the secular equation A (A) = det (cj,—Aajn)j, p14 =0 
are separated by the roots At <<... <An—1 of the equation* 


Ay (A) = det (cin—Aain)f pms =" 


Ay SAE Sdn SABES... Sant Sy (23) 


Indeed, the equation A, (A) = 0 is a secular equation for a conservative 
system obtained from the initial one by superimposition of one constraint 


* A, (A) is the principal minor of order (n — 1) in the determinant A (A). 
It is sometimes said that inequalities (23) express the “separation theorem” 
for roots of the secular equation. Inequatities (23) may be used to find the lower 
and upper bounds of the roots of a secular equation (see for example [2)). 


222 Small Oscillations [Ch. 6 


Gn = 0. Therefore, setting A, = wh (k==1,..., n), Ap = wF2 GF =4,... 
.. n— 1), we at once get the inequalities (23) from the inequalities (22) 


2. We indicate yet another noteworthy application of the proposition on 
variation of frequencies upon the superimposition of constraints. Cracks in 
a glass are known to be revealed by tapping one’s fingers on it. The reason lies 
in the fact that a glass without cracks has supplementary constraints (compared 
with a glass with cracks) between its parts. That is why in a glass without 
cracks the oscillations must be higher. 


44, Small Oscillations of Elastic Systems 


As an important example of small oscillations of a conservativo 
system, consider n Masses m,, Mg, ..., mM, concentrated at n points 
(4), (2), ..-, (m) of an elastic system S (a string, rod, membrane, 
plate, and the like) having finite dimensions and in some way attached 
at the ends. We shall assume that the displacements (deflections) 
Yiy Yo: «+» +1 Yn Of points (41), (2), ..., (m) of the system S and 


Fig. 50 


the forces F;, Fo, ..., F, acting on the masses m,, Me, + +1 My 
are parallel to one and the same direction and for this reason are 
determined by their algebraic magnitudes (Fig. 50). The deflections 


Yt, Yo. »- +1 Ym may be regarded as independent coordinates of the 
system, and the forces F,, Fe, ..., Fn as the corresponding gene- 
ralized forces, since the elementary work of these forces is equal to 

nr 

>) F; dyi 

ist 
When investigating free oscillations, we take for the forces 
Fi}, Fo, ..., F, the elastic forces Fi, ..., Fn acting on the masses 
mi, Mz, ..., m, Of the elastic system S, given the deflections 


Yi Yo. + + +. Yn. The system under consideration of n particles acted 
upon by elastic forces is a conservative system and has a definite 
potential energy II (yi, yo, ---, Yn). Expanding the function 
TI (Yi, Yo. - «+» Yn) in a power series and retaining only the quadra- 
tic terms (see Sec. 40), we get for II the expression 


n 


=> >) CYiYr (Cin—=Cai, 1, K=A, ~.., 2) (1) 


i, k=1 
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Then for the elastic forces FY = ee (i=14, ..., m) we find 
FE= — Di cinyr (ra4e tay n) (2) 
a= 
Considering the position of equilibrium y,;=...=y,=0 to be 


stable, we assume that the quadratic form (1) that expresses the 
potential energy as a function of deflection is positive definite: 


n n 
2 cuir > 0 (2 > 0) (3) 
The kinetic energy of the system has a simple form: 
n 1 - 
I= Diy mii (4) 
i=1 


In the search for the harmonic oscillation y;=u;sin(wt-+-a), 
we arrive (as we did in Sec. 40) at the frequency equation 


Cy mA C42 ee. Cin 
Cos Cop — Mok Con 6-8 (5) 
Cnt Cre oes Cnn —Mnd 


and at the algebraic equations for determining the amplitudes: 


n 


Py (Cin — Am O42) uu, 0 (i = 1, euey n) (6) 


The system has n frequencies 
O;< Meoa<.-e KS Wn (7) 


and the corresponding amplitude columns %;, @», ..., Un; the 
free oscillations are determined by the formula 


ae C ju; sin (w;t + 0;) - (8) 


where C; and a; (j = 1, ..., m) are arbitrary constants determined 
from the initial conditions. 

Let external forces F;, ..., F, give rise to static deflection 
Yi, «++, Yn» Then the forces F; are balanced by the elastic forces 
Fi (Fj = —Fi; i=1,..., ”) and for this reason, according to 
equation (2), 


n 


Fi= 2 cinds (i=4, iio 8% n) (9) 
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An important role in the study of elastic systems is played by 
the matrix G=||gia||{, which is the inverse* of the matrix 
C=|[ za fh: 


G=C7 
Using matrix G it is possible to solve the system of relations 
(9) for y,, ..., Ya and to represent it in the form 
yi= Di Bins (i= 4, ---4 n) (10) 


The quantity g;, is equal to the deflection at the point (7) 
caused by a unit external force applied at the point (), and is 
called the influence coefficient of point (/) on the point (i) (i, k = 
=1,..., n). From the symmetricalness of the matrix C there follows 
the symmetricalness of the inverse matrix G composed of the 
influence coefficients** 


Bin= Bri (i, K=1,..., m) (41) 


and from the positive definiteness of the forms (3) there follows 
the positive definiteness of the quadratic form 


G(F, F)= > binkiFn > 0 oy F? > 0) (12) 


2 
since the quadratic form _ >) cinyile goes into the form (12) 


i, h=1 
the case of transformation of variables (10): 
n nm n 
1 1 . 1 
Ii =-> > CY => DD PYyiy >) eink iF (13) 
i, hot it i, h=t 
Consider a linear elastic system S—a string or a rod with ends 
fixed as usual. It may be shown that in this case the matrix of the 
coefhicients of influence, G, possesses the following properties: 
1°. All minors (and not only the principal ones!) of any order 
of the matrix G are nonnegative: 


Biyky +++ Bisky 


Biphy +++ Bipkp 
(O<i<...<ipcn; O<k<...<kyp<n; p=1,..., n) 


* The matrix Cis not singular (det C = 0), since the quadratic form (3) 
is positive definite. 

** Equation (11) expresses the so-called Maxwell principle of reciprocity: 
“a deflection at point (i) due to a unit force applied to point (k) is equal to the 
deflection at (%) under a unit force applied to point (i)”. 
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2 Zin > O for|i—k|<1 i,k = i eee n). 

3°. The determinant det G = | gj, |? > 0. 

Matrices having the properties 1°, 2° and 3° are called oscillatory 
matrices. 

It will be noted that for every positive definite matrix G, the 
property 3° and also the inequalities 1° for the principal minors and 
the inequalities 2° for the diagonal elements g;,; (i = 1, ..., 7”) 
are valid. However, the nonnegativity of the nonprincipal minors 


() (2) 
: (m) 
‘ (} = 2) . ‘ 


Fig. 54 


of any order p* and the positivity of the elements gio, .--, Zn-1, n 
are specific properties of the matrix of influence coefficients of a 
linear elastic system. 

From the oscillatory nature of the matrix of influence coefficients 
follow the basic “oscillatory” properties of eiastic oscillations of 
a linear system: 

4°. All frequencies are distinct: 


4 << We <o wee <M 


2°. All the amplitudes ui4, uo, ..., Un, in the first principal 
oscillation (with frequency ,) are different from zero and have 
the same signs. 

3°. Among the amplitudes u4;, wo;, ..., Way in the jth principal 
oscillation (with frequency w,) there are exactly j — 1 changes 
of sign (j = 1, 2, ..., m) (Fig. 51). 

An investigation of oscillatory matrices and a substantiation of 
oscillatory properties of elastic oscillations go beyond the scope 
of this book.** 


Example. Consider the classical problem of the oscillation of a string of 
length J with attached ends for the case when the entire mass of the string is 
concentrated in n equidistant (from one another and from the endpoints) points, 
the concentrated masses being all equal (and equal to m) (Fig. 52). 


* In particular the nonnegativity of the off-diagonal elements of the mat- 


rix G (gi, >0 when i +~ &). 
** This material can be found in [7]. 


15—3420 


226 Small Oscillations [Ch. 6 


The elongation of the ith segment (between points with deflection y; and 
potection yi+,) will be expressed (to within fourth-order infinitesimals) as 
ollows: 


V (ee) emia mies (V+ (ER) eum) 
n 


+1 
od 91 (Yix1— Yi)? 


Taking the tension o of the string to be constant*, we get an expres- 
sion for the potential energy: 


n 
é Ly 
=> >) (Yr44— Yi)? (yo=unss=03 See 


i=0 


(14) 


The kinetic energy is of the simple form 
n 
WL *9 
T= >) ¥ (15) 
i=1 


We choose an indirect path to find the principal frequencies and the cor- 
responding amplitude vectors. Write equations (6) for the amplitudes, making 


i) (2) i) (f+?) 


Nee 


Fig. 52 


use of the expressions (14) and (15) for Tl and 7. Divide each of the equations (6) 
termwise by ¢ and introduce the abridged notation: 


m 
-— -— 2 = 
1 5p © cos 8 (16) 


where 9 is an auxiliary quantity. Then equations (6) will take the following 
form for the amplitudes: 


Up_4— 2Up cos 0+ uz,4=0 (= 1) a5. 2) (17) 
where 
Ug = Uni = (18) 
The algebraic equations (6) may be satisfied by putting** 
up—=sin kO (k=0, 1, .--, n +4) (19) 


* This supposition is justified in that only small deflections yj, yo, .--, Yn 


ae considered. ae 
** Substituting (19) into (17) we get the trigonometric identities 


sin (k-—1) 0 —2 sin #6 cos 0-++ sin (k+-1)0=0 (k=0, 1, ..-, ”) 
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Here, each of the “boundary” conditions (18) is satisfied automatically, and 
the second one yields the condition for determining the desired frequencies: 


sin (n+1)0—0 (20) 


Hence, A= (j= 1, ..., m) and, by (16), 


w= (1 cos 6;) 


ao 9. ee ; 

er ee ee) A ee ae 
wj=2/ * sin 5 =2/ = sin rath | BA 
ie (n-+-41)o0 ) 
(i=, satay LS ea tr a)t) J 


To find the amplitudes of the jth principal oscillation uy ;, ugj, ..., Unj 
we put 6=6, in equations (419): 


i.e. 


kjn 
n+4 


An arbitrary free oscillation of the system is determined by the formula 


up j =sin k6,;=sin (k, j=, era 7) (22) 


n n 


_ _ kj, : int Je 
v= 2s C pup j Sin (jE =- @;j)= 2 C;sin “sin (2sing ap V ath a;] 
j= a 


(23) 

From (21) and (22) it is at once evident that the principal oscillations obtain- 
ed possess the oscillatory properties 1° to 3°. 

Lagrange demonstrated how it is possible, using these formulas and a limit 
passage, to obtain the free oscillations of a homogeneous string (with fixed ends), 
the mass of which is no longer concentrated at n points but is distributed uni- 
formly along the string, which has density 0. 


In this problem we put m = e , and then find the discrete analogue of a 
homogeneous string with principal frequencies 


2 o Ei 
(n) in =~ i= 
a" =FY Samtysin py GS teeseg n) (24) 


In the limit, as noo, we get the following familiar expressions for the 
frequencies ; of a fixed homogeneous string: 


ae oC. ‘ 

=i 5 4 (GHA, sc e0y. 28) (25) 

These formulas express the Mersenne law, according to.which all frequencies 
are integral multiples of the frequency of the fundamental tone oe > at 


and each of the frequencies is directly proportional to the square root of the 
tension and inversely proportional to the length and the square root of the 
density. 


to* 
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Give the jth harmonic oscillation of a homogeneous string in the form 
yj; (z, t)=u;(z)sin(@ji+a;) (OC zr<l) (26) 


where u;(z) is the amplitude deflection in this oscillation. 
Considering that the amplitude deflection u;(z) may be obtained from 
the quantities (22) by passage to the limit 


u;(z)= lim up; 


—>z, we get from (22) 


infini d 
as n tends to infinity an el 


u; (2) =sin (j=41, 2,...) 


Then the free oscillation of a homogeneous string, which is obtained by 
linear superposition of the principal oscillations (26), is expressed by the 
formula 

[sa] 


mee. 
y(z, th) = >; C;sin sin (@ t+ @;) 
j=1 


where C; and a;(j=414, 2, ...) are arbitrary constants. 


45. Small Oscillations of a Scleronomic System under 
the Action of Forces Not Explicitly Dependent 
on the Time 


Write the Lagrange equations for a scleronomic system for the 
case when the generalized forces Q; depend solely on the coordinates 
and the velocities: 


d oT oT : . 
Fe Gay Ge HH) =A, «a wD (1) 


Let the coordinate origin be a position of equilibrium. Then 


(see Sec. 40) the kinetic energy, to within third-order infinitesimals 


in q; and qi (i = 1, ..., m), may be represented by a quadratic 
form with constant coefficients: 


T= + > aingid@e (2) 
i, k=1 
where ai, =@ni (i, K=1,..., Mn). 

Let us now expand the generalized forces Q; (qn, qx) in a power 
series of g, and dr 


Q; = @io+ 5 [ (424) a+ (2) a | +e) (3) 


=f 
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Since the coordinate origin is a position of equilibrium, all the 
generalized forces, for zero coordinates and velocities must be 
zero, 1.€. 

Qin = 0 (C1 sas n) (4) 

We introduce the following notation: 

bin = — (2) ca — (SEL) (i, kat, ..., 2) (5) 
zt in 0’ t O°dR 0 +] ’ q 
Then, rejecting in the expansion (3) all terms of second and hig- 
her orders of smallness, we will have 


i= aa (binQe + cingz) (b= 1, ..., 2) (6) 


Substituting into the Lagrange equations (1) the expressions (2) 
and (6) for the kinetic energy and for the generalized forces, we 
get the linear differential equations of motion for small oscillations 
of a scleronomic system: 


2 (ain gn + binge + cingn) = 0 (b= 1, ..., 2) (7) 
Denote by A, B, C the square matrices* 


A=|lan if, B= ball, C=|lcalf? 


and by g the column made up of q;, -.-, dn. Then in matrix 
notation, the system of differential equations (7) will look like 


Aq+ Bq+Cq=0 (8) 

We shall seek the solution of (8) of the form 
q= uert (9) 
where 2 is a column with constant elements w,,..., Un, and p 


is a number. 
Substituting (9) into the matrix equation (8) and cancelling e#', 
we get 


(4p? + But C) w= 0 (10) 
or, in expanded form, 
Py (ain? - binp + Cin) Up == 0 C= , Peers n) (10’) 


* Note that A is a positive definite symmetric matrix (this fact is not uti- 
lized here). 
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For the system (10) or (10’) to have a nonzero solution w, it 
is necessary and sufficient that the determinant of the system be 
equal to zero: 


A (uh) = det (Ap? + Bu+C)=0 (11) 
or in the expanded form, 


| Oy? + Dy te Cay... Ayn? + Dyn + Cyn 


o + © © #8 @ © © 8 8 @ e#© #8 #8 #® @ © © # «a © 


A (¥) = 


a © © © © 8 © © © © 8 © & © © @ 8 2 ee 28 © 


One = Drab +Cny--- AnnW? aA Banh +tenn 


Equation (11) is called the secular equation of the given system. 
This is an algebraic equation in p» of degree 2n. 

We confine ourselves to the basic case when all the roots of the 
secular equation py, . . ., Pon are distinct. To each root p, there cor- 
responds a certain nonzero solution tp = (Wyn, . » -, Unn) Of the system 
of homogeneous algebraic equations (10) and, hence, a particular 
solution w,e"n! of the system of differential equations (8) (h = 1, 
..., 2n). The general solution of this system is obtained as a linear 
combination (with arbitrary constant coefficients) of these particu- 
lar solutions: 

2n 


a= 2 Creenel (12) 


Of particular importance is the case when all real parts of the 
roots P, are negative: 


Rep, <0 (h=1, ..., 2n) 


In this case, the position of equilibrium of the system is asyinptoti- 
cally stable not only for the linearized system (8) but also for the 
initial nonlinear scleronomic system with the differential equati- 
ons (1) (see Sec. 38). 

In conclusion, note that for a conservative system, B= 
=| bj, |['=0, whereas, A =|\aia||{ and C=||c;, ||; are symmetric 
positive-definite matrices. The secular equation det (Ap?+C)=0 
passes into the equation det (C—’AA)=0 from Sec. 40, if we put 
w=iVr (i-- Y —1). But, as was shown in Sec. 40, the equation 
det (C—XA)=O0 has only positive and real roots. Therefore, in 
the case of a conservative system, equation (11) has only imagi- 
nary roots. 


Sec. 46] Rayleigh’s Dissipative Function 231 


46. Rayleigh’s Dissipative Function. The Effect of Small 
Dissipative Forces on the Oscillations of a Conservative System 


Consider an important special case when the asymptotic stability 
of a position of equilibrium is predetermined and there is no necessi- 
ty to resort to the stability criterion given in Sec. 39. 

In the expressions for the generalized forces [see equation (6) on 
page 229] 


= binta— D Cinge (i= 1, -. +5 0) (1) 


let the matrices LB =|| b;, || 2 and C = || ¢;, || 2%, which are coinposed 
of the coefficients, be symmetric and positive definite. 

Then, by introducing the potential energy II and Rayleigh’s 
dissipative function R (see Sec. 8), which are given by the positive- 
definite quadratic forms 

n Tt 


1 1 ee 
=> > Cingiq@a > O, are > bindiqn > 0 


i, k=! i, k=! (2) 
(2 gi >0, p> qi > 0) 


we can rewrite formulas (1) as 


oll OR ,, 
nee eC i= 1, epiage dt) (3) 
; qi 
Aside from the potential forces — on (i =1,..., n), the system 


is acted upon by the dissipative forces — a defined by the Rayleigh 


0g; 
function. In Sec. 8 it was explained that in this case the system is 
definite dissipative. Since, according to the first of the formulas (2). 
the potential energy in an equilibrium position has a strict minimum 
and the equilibrium position is isolated, it follows that (see the theo- 
rem on page 178) the equilibrium position is asymptotically stable. 

Thus, the dissipative forces defined by the Rayleigh function not 
only do not disturb the stability of the equilibrium position of a con- 
servative system, but even make this position (in certain cases) 
asymptotically stable. 

In the case under consideration it is possible to establish simple 
formulas to evaluate the roots of the secular equation. Let us again 
seek a solution of the form we’. To determine the column u, we get 
the equation (see page 229) 


(Ap? + By +C)u=0 (4) 
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or, in expanded form, 


n 


2 (inp? -+- Dinp + Cir) up = 0 (i = 1, oes n) (4’) 


Multiplying both parts of the ith equation of (4’) by Ui; (u; is the 
complex conjugate of w,) and summing over i, we find 


ye? >) ainuiuat- Dd) Biauita-t+ >) cinta = 0 
i,k=t i, h==t i,k=t 
or in abridged notation 
A(u, U) p?+ B(u, uw) p+C (uw, u) =0 (5) 
where A(u, u)>0, B(u, u)>0 and C (u, u) >0.* 


Thus, any root p of the secular equation satisfies the quadratic 
equation (5) with positive coefficients. From this it follows immedia- 
tely that Rep < 0 

If the secular equation has the complex root p = y + i6, then this 
same equation also has the complex conjugate root p = y — i6. 
The numbers p and yp are roots of the quadratic equation (5). There- 
fore, assuniing w= v+ iw, w=—v — iw (v, ur are real column 
vectors), we can write ** 


pape BUH) Bw OBO w) 
2Rep=pt+p= A (ub, ) Av, v) +A (wv, w) <0 ; 
[pP?=pp=—™ uw) €(y y)+Cy, w) (6) 


A(u, au) Aly, v)+Aly, v) 


To the complex conjugate roots » and yp’ there correspond the com- 
plex conjugate oscillations wet and ee It is possible to reduce the 
sum of the appropriate terms in the expression for g [see formula (12) 
on page 230] to the real form with complex conjugate values of the 


arbitrary constants C = + (F + iG), C= + (F — iG): 
Cuett + Cuett = 5 (F + iG) (v + ian) ef? +50 
ok It ote th 


= Re {{Fv —Gw-+- i (Fw + Gv)) e?! (cos 6t +7 sin 6t)} = 
= ev! ((Fu — Gw) cos 6t — (Fur +Gr) sin ot] (7) 


* See 5° on page 206 
#* See formula (20) on 1 page 206. 
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If we have two real roots » and p’ and if we denote the correspon- 
ding columns by # and #’, then by multiplying both sides of the ith 
equation (4’) by uw (in place of u,), we get the following equation 
in place of (5): 


A(u, w)w+ Bu, w)p+C (a, wv’) =9 (8) 


Interchanging the roles of the vectors «# and w', we conclude that 
the number p’ also satisfies the equation (8). Therefore 


Wea e Bos Bu, u’) 4 C (u, wu’) 
a ry (Cr) ae OES) (9) 


Let us now see how the principal oscillations of conservative sys- 
tems change under the action of small dissipative forces [see 27]. 
We introduce the normal coordinates 9,,. . ., 9,. In these coordinates 


Tee 1 
T=5>,%, M=> Dd oi? (10) 
i=1 i=t 
4 a ° 4 is . e 
R=5 >) 6:83 is >) Bix0:9e (11) 
i= i, k= 
(icp R) 


where w; (i= 1, ..., m) are the principal frequencies of the con- 
servative system, and the coefficients in the expression (11) for 
the Rayleigh functions B;, B;, (@, k= 1, ..., m3 Bin = Bag for 
i =k) are small (squares and products of these quantities can be 
ignored). From the positive definiteness of the quadratic form (11) 
it follows that B; > 0 (@ = 1, ..., n). 

We form the Lagrange equations 


0; + B;0; + 70; + > Bindx =O (i=4,...,2) (12) 
(R#i) 
Then, substituting 
O;=yet# (i= 1, ...,n) (13) 
and cancelling e4#, we get the following system of linear equations: 


(u? + Bip +o?) yi t-p 2 Birkek =O (i= 1,..., 2”) (14) 
(hei) 
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Equating the determinant of this system to zero, we find the 
secular equation: 


y+ Bip + cot Brop sae Banp 
Bah WE Bap he, e-- Bao |g ty 
Brip Brop oe. PP +Bpp+ or 


Expanding the determinant and neglecting terms containing 
products of the small coefficients 6;, Biz, we can represent the 
secular equation in the following form: 


U (1? + Bap + wk) = 0 (16) 


To a first approximation, the roots of the secular equation are 
of the form 


pe — PP + ie, (k= 1, ..., n) (17) 


Let us find the amplitudes y,, yo, -... Yn for p= py = meee Ly. 


Substituting this value of wu into he, coefficients of the last n—1 
equations (14) and dividing the left sides of the equations by py, 
we get 


BorXa + (B2—By ae ee 
ee ee ee ee ee a ee eee (18) 
Brits + Brokat. + + (Bx —B: +— 


From this system we determine the ratio us (k=2,..., ”), dis- 
carding second and higher-order terms in f;, Bjz: 


. wo 
1h — ivy, en — Ee, a (19) 


Formulas (19) show that e, are small real quantities (4 = 2, ..., 7). 
To the root p,= — 5 + toy there corresponds the “complex oscilla- 
tion” (we assume y,—= Ae?, A> 0): 


Bu 
6, = ae = Ae a “ei(@it+a), 


= a os (ort-a+ +) 


0, = e,4e (k=2, ...,n) (20) 
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Taking the linear combination of the given oscillation and the 
complex conjugate oscillation, we get a “principal” oscillation which 
corresponds to the roots 


Br 


y= — Pt + ie and py = ete 143 


_ Bry 
Q@,=Ae 2 sin(w,t+a), 

_ Bry 2 
O,=e,4e 2 sin (at+a+ >) (k= 2, ...,7n) (21) 


We get similar expressions for the other principal oscillations as 
well. 

Thus, to a first approximation: (1) small dissipative forces do not 
alter the frequencies of a conservative system; (2) under these forces 
the oscillations decay as t + oo; (3) in the jth principal oscillation 
all the coordinates are small compared with the jth coordinate 
and differ from if in phase by a quarter of a period (jj = 1, ..., n). 


47, The Effect of a Time-Dependent External Force on 
Small Oscillations of a Scleronomic System. The 
Amplitude-Phase Characteristic 


In addition to the forces spoken of in Sec. 45, let the forces Q; (¢) 
(i = 1, ..., ”) act on a scleronomic system. Then the Lagrange 
equations for small oscillations of the system will differ from the 
equations (7) on page 229 solely in the presence of nonzero right- 
hand sides: 


n 


ay (ind + bind + einga) =Qi lt) (i= 1, .--,2) (4) 


The general solution of this nonhomogeneous system of differen- 
tial equations is given in the form 


an 


where the first summand is the general solution of the corresponding 
homogeneous system, and g* is some particular solution of the 
system (1). 

We assume that the position of the system q, =... =q, = 0 
is an asymptotically stable position of equilibrium, that is, that 
Rep, <0 (hk = 1, ..., 2n). Then the first summand tends to zero 
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as ¢ tends to infinity*, and for sufficiently large ¢ the general solution 
q of the nonhomogeneous system practically coincides with q*. 
For this reason, in the future we shall be interested only in “forced 
oscillations” g*, which we shall denote simply by q. 

Since the system of differential equations (1) is linear, the general 
case for seeking forced oscillations reduces (at the expense of a linear 
superposition of particular solutions) to the case when only one of 

the generalized forces Q; (¢) differs from fa 


For instance, let Q,(¢) #4 Oand Q; ¢) = 0 G = 2,..., nm). Also 
let us first assume that Q, (£) is a harmonic reas i.e. 
Q: (t) = Ae'* (3) 


Then the differential equations (1) will be written as 


> CHU + denge + c1ngn) = Aci, 
k=1 
n ae . (4) 
a (QjrQr + OjrQe + CjrQn) = 0 (j= 2,...,27) 
We seek the forced oscillations in the form 
Qr= Bret = (k=1,...,n) (5) 


Substituting these expressions for q, (k = 1, ..., 7”) into the diffe- 
rential equations (4) and cancelling e'*, we get the following system 
of algebraic equations for a determination of the quantities B,: 


2 [ayn (722)? + Byx (12) + Cyn] Br= A 


n (6) 
2 [a;n (iQ)? + Dj, (2) + cj] By = 0 G2, veng t) 
Solving this system, we find for k=14, ..., n: 
where 
Aap (82 
Wp (12) = ee (8) 


is a regular fractional-rational function of iQ with real coefficients; 
the hodograph of this function in the complex plane, and sometimes 
the function itself, is termed the frequency characteristic or the ampli- 
tude-phase characteristic. 


* If the secular equation has multiple roots, then the sum on the right side 
of (2) can involve secular terms of the form Cp (we, + u,t+ up+...) ent 
However, in this case tov the sum tends to zero as ? tends to infmity if all 
Re Ph< 0 
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Then the response of the coordinate g;, to the external action Q, = 
= Aei@t is obtained by multiplying this action by the frequency 
characteristic W,, (iQ): 

Qn = Wy, iQ) Ae? (9) 

Putting 

Wn (iQ) = Ry (Q) AO 
[Ran (Q) > 0] (10) 
Ry, (Q) is the amplitude characteristic and W,,(2) is the phase 
characteristic], we write the formula (9) as follows: 
gn= Rip (Q) Ag tt(I 
(k=1, ...,7) (14) 
Now let 
?, = A sin Or (12) 


As = 
A= sz (e'2t —¢ 128) 
The corresponding response will be* 
m=z Ru (Q) A {ell id ia) er EG 


that is. 
dn = Rip (Q) Asin [Qt + Py, (Q)) (4:3) 


In other words, when passing from a sinusoidal force (12) to 
the corresponding response, i.e. to the sinusoidal forced oscillation 


im Wik 


Fig. 53 


(13), the amplitude of the force is multiplied by the amplitude 
characteristic A,, (2), and the phase shift is determined by the 
phase characteristic ¥,, (Q) taken for the same value of Q. 
Fig. 53 depicts the amplitude-phase characteristic W,; (iQ) 
(0< Q < oo). If for a given Q the corresponding R,, (2) is very 


* Since W,, (iQ) and W,, (—iQ) are complex conjugate numbers, it follows 
that Ry, (—Q) = Rip (Q) and Vy, (—Q) = —Vy, (Q). 
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smal}, then the amplitude of the response is extremely s:nall com- 
pared with the amplitude of the “excitation” A sin Qt of the given 
frequency @. On the contrary, if for a given Q the corresponding 
R,, (Q) is very great, then the response amplitude is great in compa- 
rison with the amplitude of the generalized force Q,. Thus, selecting 
a system with suitable amplitude characteristics, we can dampen 
the oscillations in certain frequency ranges and increase the ampli- 
tudes of such oscillations on other frequencies. This is the principle 
on which filters are based. 

Since W (i) is a regular fractional-rational function and for this 
reason W (i2) > 0 as 0 -» oo, any system actually passes only 
a finite range of frequencies. 

Now let Q, (é) be an arbitrary periodic function specified by the 
Fourier series 


Q,(t) = 2, Am sin (mQt +- Om) (14) 
m= 
Combining responses to separate harmonics of this series, we get 
qr = a, Rix (MQ) Ap, sin [MQE + Qn + Yr, (MO)] 
m= 


(k=1,..., 2) (15) 


Now let Q,(¢) be an arbitrary nonperiodic function f (¢) of ¢, 
which may be given in the form of a Fourier integral 


+00 oo 
fae \ eit dQ \ f (t) eit dt (16) 
Putting ~ — 
+c<0 
PQ)= \ f (t) ei dt (17) 
we will have - 
A=f=5- \ F (Q) e'@t dO (18) 


The function (2) is called the complex spectrum of the function 


Q1=f (#). 


The action 
4 . 
ae (92) AQe kt 


will give rise to the response 
aa Win (i2) F (Q) dQeiat 


Sec. 47] Effect of Time-Dependent External Force on Small Oscillations 239 


Therefore, proceeding from the principle of the linear superposition 
of responses, we find 


+0 
1 . . 
a= 5 \ Wr (iQ) F (Q) et dQ 
(ae 1s ach BR) (19) 


that is, the complex spectrum W,,.(i2) F (Q) for the coordinate 
g, is obtained by multiplying the complex spectrum of the action 
Q, (t) by the corresponding frequency characteristic of the system 
We, (iQ). 

Let the system be at rest for t < 0, and the motion of the system, 
given zero initial conditions, be caused solely by the external action 
Q (t) + 0 when t > 0. Giving the complex spectrum of the response 
in the form 

F (Q) Wy, (i) =G (Q) + 1 (Q) (20) 


we will have, according to the formula (19), 
+00 
ge=—ge | [G(&) + iH (Q)| [cos Qt + isin Qt] dQ— 
aa 
== \ [G (2) cos Qt — H (Q) sin Qt] dQ +- 


+ soe \ [G (Q) sin Qt +- H (Q) cos Qt] dQ 
Since g, (t) is a real function, the second summand on the right 
is zero* and for this reason 
~Loo 
Gu=ae | 1G (Q) cos Mt—H (Q) sin 2] dO (21) 


M1 8 
—-c 


Now suppose that 


Q; (¢) = 9, 
O20 Caw oe (22) 
then 
-boo 


0=5- \ [G (Q) cos Qt —H (Q) sin Qt] dQ (for t<0) 


—COO 


* A real system cannot have a frequency characteristic that does not sa- 
tisfy this condition. 
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Replacing here t by —t, we have 
-+oo 


0=— \ [G (Q) cos Qt +H (Q) sin Qe] dQ (for t>>0) — (23) 
Adding the equations (21) and (23) termwise, we have 
-+oo 
n= | GQ) cos Qt dQ (for 1>0) (24) 


It may be shown that the expression (24) is the general solution 
of a stable system for the coordinate q,, for the conditions (22) 


G62) 
G (82) 


Sejav $2 
Fig. 54 Fig. 55 


and for zero initial conditions *. The function W,, (®) is constru- 
cted directly from the coefficients a;,, b;, and c;,, which appear in 
equations (1), and the function F (Q) is determined by the expre- 
ssion (17). After that. the problem of determining the motion 
described by equations (1) reduces to a single quadrature with the 
help of (24). 

For this reason, any method of approximate integration is suitable 
for an approximate determination of the motion. For example, it 
is possible to construct a graph of the function G (Q), replace it with 
a polygonal line and through the salient points draw horizontal 
lines to the axis of ordinates. Then the function G () is approxima- 
tely replaced by the sum of the functions g; (©), the graph of each 
of which is a trapezoid (a triangle, in the special case), as shown 
in Fig. 54. 

The integral (24) may be computed for one such function 
g; (Q), as follows: 

Aj sinQjayt sin Ajt 


1 (ea) 
Qja== = \ g; (9) cos 2t dO = > — = 


* This follows from the fact that expression (20) defines the Fourier trans- 
form of the solution for zero initial conditions, and expression (24) defines the 
inverse Fourier transform. 
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where Qj, and A; are shown in Fig. 55, and Aj; is the area of the 
trapezoid. Therefore 


4 SIN Qjgyt sin A ;t 
4, ye Sa 


j 
where the summation is taken over all trapezoids obtained in the 
approximation of G (Q) by a polygonal line. 
Tables of the functions inay be used for such an approximation 
when constructing motions. 
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CHAPTER 7 
Systems with Cyclic Coordinates 


48. Reduced System. The Routh Potential. Hidden Motions. 
Hertz’ Conception of the Kinetic Origin of Potential 
Ener gy 


In the present chapter the general propositions given in Chapters 
2 and 5 are used for investigating the motion of a holonomic sclero- 
nomic system with cyclic coordinates q, (a =m+1,..., n). 
The kinetic energy of such a system is of the form 


+2 Ors (G1, +++ Im) Fr9s (41) 
s=1 


Let us find an expression for the kinetic energy in Routh variables 
di, Viy Pa (i-=1, ..., m5 a=m-+1,..., n). To do this, express 
all gq, in terms of py, (a2 =m-+1,..., nm), utilizing the initial 
relations 

ap mm nm 

d ; ; 
Pa=——= dy ati t DS) dande (a= m+i1,...,n) (2) 

4a ind p=m-+1 

Since the determinant D = det (@ag)a, p=m+13£ 0)*, from relations 
(2) we get 


> bis (Po 3 en) (w=m+1,...,n) (3) 


B==m-+ 1 
where {|baa|im4i is the inverse matrix of the matrix || agg |imii, 
[| bap || = || 2p || (4) 
Setting 
Yai = 2 bapapi (Shy sang Oey. tay M) (9) 
=m 1 
we write (3) in the following form: 
da = ies bapPp ar Yai: (a =m +41, eseg n) (5) 


* See footnote on page 78. 
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Here, beg and yo; are functions of noncyclic (or, as_ they are 
sometimes called, position) coordinates g;(i=1, ...,m). Putting 
expressions (6) for gq into formula (1), we get the expression Tf’ 
for the kinetic energy in Routh variables: 

Te m Tr 


m 
~ 4 os { 3 " 
p= oe: >» atsqi9; + > > aqpPaPp oH >i > QinGiPa (7) 
i, j=t a, B=m+i1 i=ita=m+i 


A remarkable circumstance (one noticed by Routh} is that 
in this formula all the af, =0, i.e. the expression for 7 is the sum 


of the quadratic form in the position velocities q,, ..-.%m and 
the quadratic form in the generalized momenta Pmii; --+) Pn-” 
Indeed, 


aeT a aT 99p 0 
TE. )=5 Dh bbe 


Dic, aa r ai e 7. r4] ® 
0919Pg = 94i  paemt1 998 di Bum+4 


since >) bgepe is dependent only on the variables g; and pg, 


B=m+1 
which are regarded as independent with respect to the 


qi (i=1,...,m; B= m+4,...,n). 
Now compute the coefficients agg: 


& Tl 
27 f) ar Fy 6 
aig = 3——- = =— oe bypDy =O 
ap ODa, Opp OPa >) ay Opp Og Dy BP y ap 
y=m+i ? y=m+i 
(a, B=m-+41,..., n) (9) 


Similarly, we find** the coefficients af; 


“_ nn . 
27 6 or eT a 
atj = =| =4-‘S) te] si 
ORE q 


Oqi 09; 09; — gexmy1 94a 99; te 
Th 
0 [ or 0 
at O93 Ig oe 09% a=m-+ i 


* The transformation of variables used here that corresponds to a transition 


from the variables q;, g. to the variables q;, pa is ordinarily used in the theory 
of quadratic forms to reduce (by Lagrange’s method) a quadratic form to a sum 
of squares. Indeed, applying such transformations a number of times, we can 
represent a quadratic form in n variables in the form of a sum of n quadratic 
forms, each of which is equal to the product of the square of this variable by 
some real coefficient. 


** Here and henceforward Ga = ... signifies that all the Qn in the expression 
in square brackets are replaced by their expressions (6). 


16* 
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n 


_ afar aT OT  dqq _ 
0g: | 2g; 09:99; = garms4 997990 O91 
rt 
=a1j— > Vailas 
a=m--{ 
Utilizing equations (5) we get 
n 
at;=ai;—- >) dbaptajtg; (i, f—1,...,m) (10) 
a, p=m+1 


A 
But on the basis of (4), b ba where Ag, is the cofactor 


of the element ag, in the determinant D. Taking advantage of 
this circumstance, in place of (10) we can write 


aij ai, M+i coe Qin 
aes cee) ean 
anj Qn,mti +> Onn 
Thus, formula (7) has the form 
1 a 1 . 
f= oy >, Qisqig 3 + > >; bapPaPp (11) 
t, jal a, B=m-+i1 


Here, the coefficients aj; and bg, are determined by the equations 
(4) and (10). 

Let the forces impressed on the scleronomic system have the 
potential IT=II (¢, q;). Then, 2 =-7T—I[. Compute the Routh fun- 
ction (see Sec. 13): 

n 


R=RiE, Gi, Vis Pa) = > Poda —-L = 
a=m-+1 
n n m . 
>», Da ( >»; bepPp— » yaidi) —T+ifl= 
a=m-+1 p=m+-i i=i 
4 ‘3 rl de 
=-—5 Dd ahaaj+s >) baePape+T— 
i j=t a, P=m-+1 


—> ( > YaiPa] qi (12) 


i=1, a=m+i 
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Consider the function If* (?, ¢:, pa), which we shall call the 
Routh potential:* 


n 


1 
IT* = IT + > > bapPaPp (13) 
a, p=m-+1 
Taking advantage of the fact that 
Ag 
bas = 


where Aga is the cofactor of the element ag, in the determinant D, 
we can write the expression for the Routh potential also in the 
following form: 


0 Pmti -++ = Pn 
Omiit,mit +++ Amia,n 
nm=on—,) Pm+1 Hy me mt (13°) 
Pn Qn,mti «++ 4&nn 
We also introduce the notation 
m 
M=> Saba; (14) 
i,j=1 


Then, according to (12), the function — A, which for the posi- 
tion coordinates plays the role of the Lagrangian function, is 


T*—V (10) 
where V is the generalized potential defined by the equation 
V= — >) ( > YaiDa) di + It* (é, dis Pa) (16) 
i=1 a=m-+1 


Let us now consider some motion of the initial system. In this 
motion, 


a=const=cy (a=m-+1,...,n) (17) 


and the variation of the position coordinates g;=4:i{f) (j= 1,... 
..+,m) may be determined from the differential equations (8) on 
page 81, in which py should everywhere be replaced by cg (a=m-—+ 
+1, ..., nm). But these equations are Lagrange equations (with the 
Lagrangian function —R=7Z*-—V) for a certain auxiliary natural 
scleronomic system with m degrees of freedom having the kinetic 


* Routh E. G., The Advanced Part of a Treatise on the Dynamics of a Sy- 
stem of Rigid Bodies, 5th ed., 1892, Sec. 99, 


246 Systems with Cyclic Coordinates [Ch. 7 


™m 
energy Tt = >; atgiq; and the generalized force potential 


i, j=1 


v= — > ( > | Yaita) g: + Itt (t; Gi» Cx). The Routh potential 


i=1 a@=m+ 
Il* (¢, qi, cq) is potential energy of this system. From formu- 
las (11) to (13) it follows that 


T+-W=7* 41" (18) 


We shall call this auxiliary system a reduced system. 

Thus, the variation of the position coordinates q,, ..., Gm deter- 
mines ithe motion of a reduced system (with m degrees of freedom) with 
kinetic energy T* and with generalized potential V = V, + II*, where 
IJ* is the Routh potential. Given appropriate motions of the initial 
and reduced systems, the total energies of these systems are equal. 


When the functions q; = q; (t) (i = 1, ..., m) which define the 
motion of a reduced system are found, then the time variation of 
the cyclic coordinates gy, = gq (t) (a = m—+1,...,mn) may be 


determined from the formula (9) on page 81, which can now be 
written as 


m 


Ga = j [ te a) Dd) Ver (Gi) qj | dt + Ca (19) 


j= 
(a—=m-+i,...,n) 


Consider a special case when the expression for the kinetic energy 
of the initial system (1) does not contain products of the position 


velocities q; by the cyclic velocities dees i.e. a case when all aj, = 0 
(i=1,...,m; a=m-+1,..., n). In this case, the kinetic 
energy T breaks up into two quadratic forms, of which one contains 


only the position velocities dis while the other contains only the 


cyclic velocities g,. Such a system is termed gyroscopically un- 
coupled. For a gyroscopically uncoupled system, according to 
formulas (5), all the y,; = 0, and hence, V, = 0 and V = II*. 
Thus, if the initial system is gyroscopically uncoupled, the reduced 
system has the ordinary potential I\*. * 


T* 
* The reduced system is acted on by potential forces — + and pyros- 


copic forces determined by the potential Vy. In the case of a gyroscopically 
free system V,;=0 and gyroscopic forces are absent. 
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Besides, from (10) it follows that for the gyroscopically uncoupled 


system a = a;; (i, j = 1, ..., m), ie. 
™m 
4 e ) 
Te= = DS) 4159193 (20) 
i,j=t 
In this case, the initial system has the kinetic energy 
m 1 nn 
4 ie 
Lf=+ >; Qididi ts > Paslace 
i,j=l a, B=m+1 


and the potential energy IT=II(¢,¢;) while the reduced system 
n 


has the kinetic energy [t= > > a:j9i¢; and potential energy 
i,j=m+1 
n 


WW=T(t, +> Dy baatacy 


a, B=m-+1 
We See that part of the kinetic energy of the initial system 
n 


(5 > bascace } has passed into the potential energy of the 
a, p=m-+1 

reduced system. 
All that has been said about scleronomic systems holds true, in 


particular, for conservative systems in which as =O een: HT = 
= II (q;). The reduced system for a gyroscopic uncoupled conser- 


vative system will again be conservative. 
Now let there be given an arbitrary conservative system with 


. de acta de 3 
m degrees of freedom, with kinetic energy J7* = a De aij X 


l, j=l 


x (di, + ++ Gm) Gig; and potential energy IT* = II* (g;). Consider a 
conservative system in which the number of degrees of freedom is 
m-+ 1 and which has m position coordinates q;, ..., g,, and one 
cyclic coordinate g,41- 


In the new system let II = 0 and the kinetic energy have the form 
. T* t k 2 a 
ey & + > Thi) (a) Fm+1 (k = const) 
Then 
kh . 
Pm TI Gi Im+4 
and 
4 
LT = 7T* + 5 II* (q:) pints 
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But then for Pmt = Cm = V 2k 
4 * 
> U* (ai) pm4a = H* (qi) 


Thus, in the given conservative system, 7* is the kinetic, and 
II* == IL* (g;) is the potential energy, whereas in the new “extended” 
systein we have, respectively, T = T* +- II* (g;) and IT = 0. 

The potential energy of the given system results from the kinetic energy 
of the “extended” system which has a greater number of degrees of freedom. 

Motions, under which only cyclic (hidden) coordinates vary are 
called hidden motions. * 

Above we saw that the potential energy of a conservative system 
can always be regarded as the kinetic energy of hidden motions. 

This conception about the kinetic origin of potential energy and, 
hence, about the kinetic origin of forces applied to bodies performing 
explicit (monhidden) motions was broadly developed by Hertz in 
1894, ** 


Example. Let us consider the motion of a rigid body with fixed point O 
in the Lagrangian case when the body is acted upon by the force of gravity Mg, 
when there is an axis of dynamic symmetry, and the centre of gravity D is locat- 
ed on this axis. 


Fig. 56 


We shall specify the rigid body by means of the three Euler angles 8, p, 9, 
where the angle of nutation 8 is the angle between the vertical axis Oz and the 
axis of dynamic symmetry O€ (Fig. 56), p is the angle of precession, and 9 is the 


* Systems containing within them gyroscopes are a brilliant example of 
the manifestation of hidden motions. Because of these “hidden” motions of gy- 
roscopes, the motion of such systems differs radically from the motion of sy- 
stems without gyroscopes. 

** H. Hertz, Die Prinzipien der Mechanik in neuem Zusammenhdnge dar- 
gestellt, see also W. Thomson and P. Tait, Treatise on Natural Philosophy, 
Part 1, Sec. 319 and A. G. Webster, The Dynamics of Particles and of Rigid, 
Elastic and Fluid Bodies, 1925. 
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angle of pure rotation. Let 1 = OD and A and C be the equatorial and axial 
moments of inertia, respectively. Then 

27 = A (p2+q?)4+Cr2, = Mgl cos 8, 


where p, 4g, r are the projections of the angular velocity @ on the principal 
axes of inertia O&, On, OC. But 


p2-t q2 = 62-4 yp? sin2 0, r= @-+t cos 0; 
therefore, we finally have 
OT = A (02+ 42 sin? 0) + C (p+ tp cos 0)2, 
= Mgl cos 0 (24) 


Find expressions for the generalized momenta py, py corresponding to 
the cyclic coordinates @, ~: 


Py =(Asin? 04+. C cos? 6) pee cos ae, I (22) 
Do = C cos Op +-Ce 
Solving these relations for p and g, we have 
- _ Py—Cos OP \ 
b= —AsintQ iss 
: —C cos Opy-+(A sin? 8+-C cos? 8) Po 
a AC sin?0 J 
The coefficients of py and py on the right sides of (23) are the quanti- 


ties bug. The expression for the kinetic energy in the Routh variables 6, 

8, Py, Po is obtained by substituting expressions (23) for @ and p into (21) 

for 27 or straightway by formula (11)*: 

Py —2€ cos OPyPe -+-(A sin? 6+ C cos? @) P2, 
AC sin? 8 


When the system is in motion, the momenta Py and pg retain constant 
values: 


ane 6 
OT = AG? +. (24) 


Py = ay Po>= b (20) 

The nutationa] motion is determined by the reduced system, for which 
1. (a—b cos 6)2 2 
* — _. 2 * ae fe 

T 5 AG2, 11#—= Mgl cos 8+ Tats -. 5 (26) 


The change in the angle of nutation 8-=@(¢) is found from the corresponding 
energy integral 


(a— b cos 8)? 


2 die. 
AQ2 + Mel cos 6- Want 


= const=h (27) 


a 


* In the given case the rigid body is a gyroscopically uncoupled 
system. so that in formula (41) at ;=a5; (lp Fy cage): 
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250 Systems with Cyclie Coordinates [Ch. 7 


Introduce the auxiliary variable u=cos 8. Multiplying both sides of (27) 
2 ae 
by 7 (1— u2) = — sin? 0, we find 


du \2 
(=) =1, (28) 
where f(u) is a third-degree polynomial in u: 
Z 2 
f (uy=—> (h— Mglu) (1— v2 =F (a—bu)? (29) 


Putting u-=+ 1 and u=ug—Ccos 0) < 1, we find* 
du \2 
(1) <0) fu= (FF) > 14+) <0 
Then the polynomial f(u) has three real roots uy= cos 04, we—cosQs and wu’: 


—1<uycugci<u' 


and [since f(-+-oo)—=-+00] the graph of the polynomial f(u) has the form 
shown in Fig. 57. 


F(u) 


Fig. 57 


Since when the body is in motion, —1<u=cos@<+1 and f(uj= 


2 
(4) > 0, it follows that u=cos @ must vary in the interval uy<u < tw, 
i.e. 0; > 8 > O09. The angular velocity of precession is determined from the 
first formula in (23): 
a—bcos@ 

v= A sin? 8 30) 
If the ratio + lies outside the interval uy <u < ue, then the velocity of preces- 
sion tp retains a constant sign and precessional motion occurs all the time in one 
direction. In this case the trace left by the axis O€ on a fixed sphere with centre 
at O describes a curve depicted in Fig. 58. 


* Here we assume that a —-tb. The special cases a= +b will be con- 
sidered below. Besides, the initial value 0) is chosen so that 4) 0 and, 


du 
hence, (=F), 4: 0 
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But if wu< ~< Uj, then the velocity of precession changes sign when 
cos O* = -, and the trace of the dynamic axis describes on the sphere a curve 


as shown in Fig. 59. 
If = uo, then the velocity of precession tp does not change sign, but vani- 


shes on the upper parallel 6 = @2 (Fig. 60).* 


Fig. 58 


Analytically, the change in angle of nutation is found from the formulas 


d 

{ { ies #--const, 9=arc cos u (31) 
V iu) 

The plus sign is taken when 6 varies from 0. to 6, and the minus sign when 

it varies in the reverse direction. It is obvious that the variation in time of 


Fig. 59 Fig. 60 


the angle 0 will] be a periodic function 6 (£) with period 
e265 \ ae (32) 


After the variation of the angle of nutation 8 = 6 (2) is found, the variations 
of the angles p and @ are detcrmined from the formulas (23). 


* It: may be proved that wp cannot vanish on the lower parallel. 
17* 
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Let us now consider the motion of a rigid body passing through the “singular” 
position 8 = Q. At this point the kinetic energy is given by the degenerate quad- 
ratic form [see expression (21) for 8 = 0} 


aT = AD+C (h+q)? (33) 
According to formulas (22), the equation py=pg that is 
a==b (34) 


should occur at the singular point 9=0. Assuming that the arbitrary con- 
stants a and b are connected by the relation (34), we readily evaluate the 
indeterminate form in the expression (26) for the Routh potential:* 

1— cos 8 


2 
H*— Mel cos 6 + area 


Then the nutational motion is again determined from the energy integral 
T* + II* = const, 
If the motion passes through the “singular” position @ = a, then in place 
of (34) we will have the relation 
a= —b 
and tlic expression for the Routh potential will take the form 
a2 1-+cos@ 


+ =- Mgl cos Ue er ar RTT) 


In the above considered two “singular” cases, the upper (or, respectively, 
lower) paralle} in Figs. 58-60 degenerates into a point. 


49, Stability of Stationary Motions 


Consider a conservative systein, the position of which is specified 
by m position coordinates q; and n — m cyclic coordinates q, (i = 
=—1,...,m;a-=-m-+1,..., n). The motion of such a system 
is defined by the canonical equations 


dg, oll dpy OH a 
Boe) Bena, Cah (1) 


where the total energy of the system H =H (qi, pi, Ppa) has the form 


4 
H= => DS rs (Gay +++ Im) PrPst WG, +--+ Im) (2) 
r,s=1 


where the quadratic form on the right side is positive definite **. 
When the system is in motion, the function H and the generalized 
momenta py, (a= m-+1,..., n) do not alter their values, i.e. 


2 
* In the expression for II* we discard the constant term -. 


** This quadratic form is the kinetic energy of the system expressed in terins 
of generalized momenta. 
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these quantities are the integrals of motion: 
(qi, Pt, Pa) =H (92, pi, Pa) P 
0 (3) 

Pa=Pa (a=m-+i1,..., 7) 

The motion of a system is called stationary if during it all the 
position coordinates retain constant values g; = const = qi (i = 
me AS a ay ), ‘ 

In stationary motion all position velocities are zero and therefore, 
by equations (1) and equality (2), 
m nT 
Gi= > cin (2) Pat D> cia (g})Pa=O (i=1,---,m) (4) 
kh=1 a=m-+i 

From these relations it follows,* that in stationary motion all 

position momenta are also of constant magnitude: p;=const = pj. 


Since Gi=pi=0 (i=1,...,m), it follows from (4) that for sta- 
tionary motion 


OH oH ne nea 5 

ra rye (4, 3445) (9) 

Equations (5) are necessary and sufficient conditions which the 
initial values g?, pf, pa (i=1,....m;a—=m-+-4,...,m) must 


satisfy for the motion defined by them to be stationary. _ 
Note also that in stationary motion the cyclic velocities 


da (a=m-+41,...,m) also have constant magnitude, since by (4) 


Ja = 5 = Dy Cas (9°) ps=const (a=m-+1,...,xn) (6) 
s=1 
Therefore 
a= 4a (t—to) -+qa (a=m-+-1, ..., 7) (7) 


The initial cyclic coordinates gj are not arbitrary constants and do 
not enter into the conditions (5). 
Thus, in stationary motion the position coordinates retain constant 
value while the cyclic coordinates vary in accordance with a linear law. 
Example. The regular precession of a heavy symmetric gyroscope is an 


instance of stationary motion. 
Indeed, regular precession is characterized by the equations 


8=const = Qp, y= const, ~=const 
where the angle of precession tp and the angle of pure rotation @ are cyclic coordi- 


* Relations (4) may be solved for the position momenta p,, since the 
determinant det [cin (99))7" p= is different from zero, inasmuch as the 


n 
quadratic form ) crsp;-Ps is positive definite. 
r, s=i 
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nates, while the angle of nutation 8@—an angle formed by the axis of the gyros- 
cope and the vertical—is a position coordinate.* 


Note that in accordance with relations (6), a slight change in the 
initial quantities g?, p?, p& yields a small change in the original 


cyclic velocities qi (2 =m-+1,..., n). However, a_ small 


change in the quantities gj, according to formula (7), yields, as time 
progresses, an arbitrarily large change in the cyclic coordinates 
themselves. For this reason, stationary motion cannot be stable with 
respect to cyclic coordinates. 

Henceforward, by stability of stationary motion we shal! mean 
the stability with respect to all momenta p; and p, and position 
coordinates g; (j= 1,...,m: a=m-+1,..., n).* 

We then have the following criterion of stability of stationary 
motion. 

Motion with the initial conditions g}, pi, pa (i= 1,..., M 
a=m-+i,..., n) is stable stationary motion if the function 
H (dis Pi» Pa) at the point q; = qi, pi = pi (i = 1. ..., m) has 
a strict extremum. 

Indeed, the motion under consideration will be stationary inasmuch 
as it follows from the existence of the extremum of the function 
H (q;, Pir Pa) that the quantities g3, pi (i = 1, ..., m) together 
with the quantities pi, (a = m +1, ..., n) satisfy equations (5). 
We introduce the deviations 


E=h—-di, M=Pi—Pr. Na = Pa— Pa. 
Then, utilizing the motion integral H (gi + &:, p? + 1;, pa) as the 
Lyapunov function, we can conclude (see page 189) that the zero 
solution &; = 0, n; = 0 (i.e. the stationary motion) is stable on the 
assumption that the cyclic momenta p, do not experience perturba- 
tions (i.e. that these quantities have the same values pj; for pertur- 
bed motion as for unperturbed motion). *** 

However, the above-formulated criterion of stability is valid in 
the general case as well, when for perturbed motion the quantities 
Ne = Pa —Pr(@=m+i1,..., n) are different from zero. To 
see this, it wiil suffice to use a corollary to the Lyapunov theorem 
(page 185) taking the function 


[A (gi+ Gi, Pitn, pa)—H(@, pl p+ Sm 8) 


* From (21) of the preceding section it is seen that the coordinates @ and 
do not appear explicitly in the expressions for the kinetic energy and the 
potential energy. 

** Or, which is the same thing, the stability with respect to the quantities 


qiy qi: Deli Vyas. og OS ee Te oy rn), ; 
#** This is precisely the kind of stability that Routh considered. 
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for the Lyapunov function. This function is the integral of motion 
and has a strict minimum equal to zero at &; = 0, yn; = 0, ne = 0 
(G=141,...,.ma=m+1,..., n). 

Let us establish an analogy between the stability of the state of 
equilibrium and the stability of a stationary motion. Consider a re- 
duced system with m independent coordinates q,, ..-, @m and with 
potential energy equal to the Routh potential: 


n 


0 1 0 
TN (qi, Pa) =N(gi)+-5 Dd) bap (4s) Papp (9) 
a, B=m-+1 


(See preceding section). The reduced system is acted upon by gyro- 
* 
scopic forces in addition to the potential forées — lls Cs Meee & 


aq; 
.., m). Since to the stationary motion of the initial system q; = 
= @, Dx = poe, tee, M AO=m+ti,..., mn) there corre- 


sponds an equilibrium position of the reduced system, it follows 


that the quantities g?, pj must satisfy the equations 


OM* (qi, Py) 

agi _ 

These are necessary and sufficient conditions for the existence of statio- 

nary motion. They are obviously equivalent to the conditions (5) 

and are obtained from the latter by elimination of the quantities 

p; (i = 1, ..., m). Applying the Lagrange theorem to the position 

of equilibrium g; = q} of the reduced system, we get the criterion 
of stability of stationary motion in the following form. 


0 (i=1,...,m) (10) 


Motion with the initial conditions gi, q? = 0, py, (i= 1, ..., m: 
a=-m-+1,..., n) isa stable stationary motion if the Routh poten- 
tial II* (q;, pa) has a strict minimum at q; = qi (i = 1, ..., m). 


By applying the Lagrange theorem to a reduced system, we fixed 
the constant values of the cyclic momenta p, = pi (a =m-+1,... 

.., 2). However, the criterion is still valid for variations of 
momenta po as well. To establish this fact it is sufficient to take, 
for the Lyapunov function, the integral of motion 


(B* (8 +E: 92, Pa)—E*(at, 0, part BS mk (14) 

ao=m 
where E * = 7 * + JI * is the total energy of the reduced system 
(it coincides with the total energy of the initial system expressed 
in the Routh potentials g;, qi, Pa (see Sec. 48), while £; = q; — 


— qi, dis Ne = Pau Pal(i=1,...,m a=m+ti,...,n) are 
deviations of perturbed motian (from the given stationary motion). 
The function (41) has a strict minimum (equal to zero) at &; = 0, 
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g = 0, 7,=0 (§=1,....m a=m+i1,..., n). 

The stability criterion of stationary motion given here was estab- 
lished in somewhat different form by Routh in 1884. 

Example. Determine the stable stationary motions of a nonhomogeneous 


ponderable sphere on a smooth horizontal plane if the centre of gravity of the 
sphere, D, is distant d from the geometric centre 0, the mass-of the sphere is M, 


Fig. 64 


the moment of inertia about the OD axis is C, and the two other principal cen- 
tral moments of inertia are equal: A = B (Fig. 64).* 

For the independent coordinates, take two horizontal coordinates of the 
centre of gravity zp, yp and the three Euler angles gq, wp, 9. Here, the angle » 
is the angle of Fi dake rotation” about the axis of the dynamic symmetry OC 
passing through the points D and O; the direction of the OC axis coincides with 
the direction of the vector DO. Write the expressions for the kinetic and poten- 
tial energies: 


OP = A (p2-+ 92)-+Cr2-4+M (23,-4+y}-+2)), I =Megzp 


Here p, 9, r are projections of the angular velocity @ on the central axes 
of inertia. But 


p2-tg2==62-+ a2 sin? 0, r= p-Lap cos 6, zp== — ad cos9 
Therefore 
Of = (A+ Md? sin? 6) 62 -+ Arp? sin? 0--Cr2-+M (2? +-y3,) 
Il= —Megd cos 8 


The coordinates zp, yp, @ and p are cyclic. During motion, the appro- 
priate momenta retain constant values, namely: 


Px =Mrp=a, Py= Myp=B, Po=Cr=y (12) 
Py= Ap sin? 6-4. Cr cos 0 = 6 


* The rigid body considered in this prohlem is a physical pendulum, the 
axis of suspension being the axis of dynamic symmetry, and the point of sup 
port O can slide freely (without friction) on the horizontal plane. 
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In addition, pgp=(A-+ Mad? sin? 6) 0. 
Write the expression for the Hamiltonian function in the variables 0, p,—=«, 
Py ==6, Pe, Pe= Vs Py=8: 


PG 4 ¢5—ycos@ \2 a+ B2 
H= scar Maranto) + Ti | sin @ ) —Mad cos @ + aM 
Pe 
=AyMatsmee 1 Mo) 
where 
_ 1 ¢6—ycosé \2 ae -+ B2 


is the Routh potential.* 
Here, the conditions for the existence of stationary motion (5) are of 
ati* 
the form 9 = 9: Pe= 9. 
The condition for stability-—-the presence of a strict extremum of the 
function H at pp=O and at a certain desired value of 8—will be fulfilled 
if for this value of 6 the function II* has a strict minimum. To find this 


value 6 = 9, put u=cos® and 


jane OSI! Re aeons (K =AMgd) 
2 1—u 
We find ; 5 ; 
+) 7 yOu + (y2-£ 02) u— yd 
PM gaye K 
f’ =a (4— 3uu-$ 3u2 —pu3) 
where** pa. 


Suppose that the equation /f’ (u)=0 has a root wu such that Ju| <1. 
{It is to this value |u|=cos®@ that the stationary motion of a sphere corres- 
ponds, for which motion the centre of the sphere is in uniform rectilinear 
motion and the angles @ and p vary by a linear law. 
To find the stability of stationary motion, we shall first prove that 
f" (u) >0 when ju|[<1. Indeed, if f”(u) were equal to zero se Jul< i, 
1-+3ue 
us-+ 3u ° 
this it : readily seen that |p| > 1 for [u|<1, which is impossible, since 
poo Consequently, f” (uv) #0 when [u{<1, i.e. f”(u) retains its 
1 
Sign in the interval (—1, +1). But f” (0)=y?-++62>0. Hence, f” (u) > 0 for 
Juf< 1. Since 
d2\I* 


A er == f” (u) sin? @—f’ (uw) cos 0 =f” (u) sin? 8 > 0 


From 


then from the expression for f” (u) it would follow that p= 


* We do not consider the singular values 8=0 and @=—mx. Therefore 
sin® + 0. 
** Here y2-+62>0 since for y=6=0 the function ]*=—Megd cos 6 has 
a strict minimum at 6=0. 
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it follows that for the value of @ under consideration the function II* has 
a strict minimum, i.e. the appropriate stationary motion is stable. 
The condition for the existence of stationary motion f’ (u)=0 may be 


transformed by putting 6= yu+ Arp (1 —w?), 


If we then put yp=Cr=C (p+ cos 8) into the equation obtained, this 
condition will take the final form 


Corp+(C —.A) p2 cos 6--Mgd =0 (15) 


This is the well-known condition for the existence of regular precession 
under the action of an external moment Mgdsin@ (the moment of the ver- 
tical reaction N=Mg about the pole D). 

Consider three separate cases. 


1°. If |Mgd+Cop|>|4A—C| 2 then the condition (45) is not fulfil- 
led for any real value of @, and there does not exist any stationary motion 
with such angular velocities. 


2°. If | Mgd-+Cqp|<|A—C| wp? and the quantities Mgd+Cqgwp and A--C 
have the same sign, then for such angular velocities there exists stationary 
motion with cos @ >0. 


3°. But if | Mgd+Coyp|<|A—C |p? and the quantities Mgd+Cgoyp and 
A—C have ditferent signs, then cos®<0 in the case of stationary motion. 
In this case there exists stable stationary motion such that the centre of 
gravity is located above the geometric centre of the sphere. 

Now consider special cases. 

(a) ®=0: Then from formulas (12) it follows that y=6. Therefore 


ae eee 
dtl 7 oe 
A( Se) =f (w) (—sin 09) 90 
a2yy* , a v2 


The stationary motion is always stable. 
(b) 89 =a. From the formulas (12) we find y=—6. Therefore 


2 
f'(w= (ea. = 


ail* : 
A ( 70 Jecen =! (uw) (—sin 0) =0 


amity, ee ae 
A( 762 oon! (u) S098) = aaa Z K 
2 
The stationary motion will be stable if the condition 4 >K is fulfil- 
led, which in expanded notation comes out like this: 
C2r2 > 44Med (16) 


If inequality (16) occurs, then, although in the case under consideration the 
centre of gravity is located over the geometric centre of the sphere, rotation 
about the vertical axis will be stable stationary motion. 


SUES G2 bh = 
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